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Autophagy is a process in which cytoplasmic components are degraded in the vacuole. It 
occurs when organisms are subjected to environmental stress conditions or during certain 
stages of development. Upon induction of autophagy, a portion of cytoplasm is surrounded 
by a double membrane structure to form an autophagosome. The outer membrane of the 
autophagosome then fuses with the vacuole and the inner membrane and its contents are 
degraded by vacuolar hydrolases. The morphological characteristics of autophagy have been 
observed in plants for decades and several autophagy defective mutants have been isolated 
recently; however, little is known about the molecular mechanism and physiological role of 
the autophagy pathway in plants. This thesis summarizes my efforts in studying the function 
of the autophagic machinery in Arabidopsis thaliana. 
To study when and where autophagy is induced in plants, two autophagy specific markers, 
monodansylcadaverine (MDC) and a green fluorescent protein (GFP)-AtATGSe fusion 
protein, were developed. To obtain more knowledge on the molecular mechanism of 
autophagy, an autophagy-related gene AtATG18a was identified by its sequence similarity 
with the yeast autophagy gene ATG18. RNA interference (RNAi)-AtATG18a transgenic 
plants with decreased expression of AtATG18a cannot produce autophagosomes in conditions 
that normally induce autophagy, suggesting that AtATGlSa is required for autophagosome 
formation. Using these two autophagy markers and RNAi-AtATG18a transgenic plants, the 
physiological roles of autophagy were investigated. Autophagy was found to play an 
important role in the control of the timing of senescence and in the response to several abiotic 
vi 
stresses, such as nutrient deprivation, oxidative stress, high salinity stress and osmotic stress. 
In nutrient deprivation stress, autophagy is involved in recycling unnecessary cytoplasmic 
components to provide raw materials and energy for survival. In oxidative stress, at least one 
physiological role of autophagy is to degrade oxidized proteins. Finally, autophagy was 
found to be regulated independently upon different abiotic stresses. In nutrient deprivation 
and salt stress, autophagy is regulated by an NADPH oxidase-dependent pathway, whereas in 
osmotic stress, autophagy is regulated by an NADPH oxidase-independent pathway. 
In conclusion, the autophagy markers identified in this thesis have provided two effective 
tools to study autophagy in plant systems. Identification of an autophagy gene AtATG18a and 
phenotypic analysis oîKNA\-AtATG 18a autophagy-defective transgenic plants have 
increased our understanding of the molecular mechanism of autophagy in plants and 
demonstrated an important role for autophagy in plant stress responses. These findings are 
helpful in developing new strategies for engineering plants with increased stress tolerance by 




1.1. Overview of autophagy 
Autophagy, which means eat ("phagy") oneself ("auto"), is a process in which cytoplasmic 
components are degraded in the vacuole (yeasts and plants) or lysosome (animals) to either 
provide raw materials and energy for the maintenance of essential cellular functions under 
nutrient starvation conditions or remove aggregates and damaged proteins and organelles 
caused by unfavorable environmental conditions (Klionsky, 2004). There are several forms 
of autophagy present in different eukaryotes that can be divided into two major forms: 
selective and nonselective autophagy pathways. Nonselective autophagy pathways include 
microautophagy and macroautophagy (Levine and Klionsky, 2004). In microautophagy, 
cytosolic components are engulfed by the vacuolar membrane to form a small intravacuolar 
vesicle called the autophagic body. This autophagic body then is degraded by vacuolar 
hydrolases. In macroautophagy, cytoplasmic components are surrounded by a double 
membrane structure to form an autophagosome. The outer membrane of the autophagosome 
then fuses with the vacuole to release the inner membrane enclosed vesicle, the autophagic 
body, for degradation by vacuolar hydrolases. In some conditions, whole organelles, such as 
mitochondria and peroxisomes, and parts of organelles, such as regions of Golgi and 
endoplasmic reticulum, are removed by the macroautophagy pathway (Cuervo, 2004). Due to 
their non-selective, high-throughput mechanisms for degrading proteins in bulk, these 
autophagy pathways are thought to be crucial during processes that require rapid nutrient 
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recycling and extensive cell and organ remodeling, such as nutrient deprivation, 
environmental stress, senescence and programmed cell death (Bassham et al., 2006; Doelling 
et al., 2002; Hanaoka et al., 2002; Liu et al., 2005; Kim and Klionsky, 2000). 
In contrast, selective autophagy pathways include chaperone-mediated autophagy (CMA), 
pexophagy and the cytoplasm-to-vacuole transport (cvt) pathway (Harding et al., 1995; 
Kiffin et al., 2004; Scott et al., 1996). CMA can selectively degrade cytosolic proteins in the 
lysosome by using a cytosolic chaperone, cyt-hsc70, to recognize substrate proteins 
containing the signal motif KFERQ (Massey et al., 2004). Pexophagy is used for selective 
elimination of peroxisomes in the methylotropic yeast species Hansenula polymorpha and 
Pichia pastoris when cells are shifted from media containing methanol as the sole carbon 
source to media containing preferred carbon sources (Nair and Klionsky, 2005). Compared to 
other autophagy forms that are responsible for degradation, the cvt pathway is a selective, 
biosynthetic pathway that operates constitutively under growth conditions. Several vacuolar 
enzymes, such as aminopeptidase I (Apel) and a-mannosidase (Amsl), are synthesized in the 
cytoplasm as inactive precursors then delivered into the vacuole lumen by the cvt pathway, 
where they function as hydrolases (Kim et al., 1997; Hutchins and Klionsky, 2001). These 
selective autophagy pathways are present only in specific organisms. For example, the CMA 
pathway is found only in animal cells, but not in plants and yeast cells, the cvt pathway is 
only present in yeast cells, and pexophagy is only used by some methylotropic yeast species. 
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So far, only macroautophagy and microautophagy have been identified in plants and the 
molecular mechanism and physiological role of macroautophagy (hereafter referred to as 
autophagy) in Arabidopsis thaliana is investigated in this dissertation. 
1.2. The molecular mechanism of autophagy in yeast 
The morphological features of autophagy have been characterized for decades; however, the 
molecular machinery of autophagy remained unknown until identification of the autophagy-
related, or ATG genes in the yeast species Saccharomyces cerevisiae, Hansenulapolymorpha 
and Pichia pastoris (Wang and Klionsky, 2003). Several different genetic screens were 
carried out to identify these ATG genes. For example, Tsukada and Ohsumi (1993) used a 
mutagenized proteinase-deficient yeast strain as genetic background to screen for autophagy 
mutants in which autophagic bodies cannot accumulate under starvation conditions; Thumm 
et al. (1994) screened for yeast autophagy mutants that cannot accumulate autophagic bodies 
in the presence of the proteinase inhibitor PMSF; Harding et al. (1996) screened for cvt 
mutants by investigating maturation of vacuolar protein amimopeptidase I (API). Most of the 
genes required for autophagy overlap with those required for the cvt pathway, indicating that 
the autophagy and cvt pathways share most molecular components (Wang and Klionsky, 
2003). By analysis of the function of these ATG proteins, the process of autophagy can be 
divided into several distinct steps (Figure 1.1, for review, see Levine et al., 2004; Wang and 
Klionsky, 2003): 
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(1) Induction: autophagy can be induced by starvation stress in yeast cells. Several protein 
kinases play roles in this induction process, for instance, Target of rapamycin (TOR) kinase 
functions as a negative regulator and Gcn2 acts as a positive regulator (Schmelzle et al., 
2000; Talloczy et al., 2002). TOR directly or indirectly causes ATG13 to be phosphorylated. 
The highly phosphorylated form of ATG13 has a lower affinity for the kinase ATG1. Under 
starvation conditions, phosphorylation of ATG13 by TOR is blocked. The ATG1-ATG13 
kinase complex then promotes induction of autophagy. 
(2) Cargo packaging and vesicle formation. After induction, parts of the cytosol are enclosed 
by double-membrane-bound vesicles to form autophagosomes. This process includes vesicle 
nucleation, expansion and completion. Unlike the endomembrane system in which the 
vesicles form through budding off from preexisting organelles, autophagic vesicles are 
thought to form de novo. In this process, the preautophagosomal structure (PAS), a cup-
shaped structure, may act as the site of autophagic vesicle formation (Reggiori and Klionsky, 
2005). The origin of the PAS and the source of the vesicle membrane are unclear but some 
evidence suggests that the endoplasmic reticulum and/or Golgi complex play an important 
role in providing a membrane source for the PAS (Reggiori et al, 2004). Most identified 
ATG proteins function in this vesicle formation step. The phosphatidylinositol (Ptdlns) 3-
kinase Vps34, which together with Vpsl5, Vps30 and Atgl4 composes the Ptdlns 3 kinase 
complex, regulates vesicle induction (Kihara et al., 2001). Atg9, the only transmembrane 
protein that has been identified in the autophagy pathway, also appears to act early in the 
process of vesicle formation. In addition, two ubiquitin-like systems, the ATG12-ATG5 and 
ATG8-PE conjugation systems, are involved in the vesicle expansion and completion step 
5 
(see review in Ohsumi, 2001). Activated by the El enzyme ATG7 and E2 enzymes ATG 10 
and ATG3 respectively, ATG8 and ATG12 are attached to their targets 
phosphatidylethanolamine (PE) and the ATG5 protein. Then the ATG8-PE conjugate binds 
to the autophagosome membrane via its lipid moiety, and the ATG12-ATG5 conjugate form 
a hetero-octomeric structure with ATG16. 
(3) Retrieval: Once the autophagosome is completed, most of the identified ATG proteins 
acting at the stage of vesicle formation are no longer associated with the autophagosome, 
suggesting that they are retrieved for reutilization. Several ATG proteins are found to 
function in this retrieval stage. For example, ATG18 and ATG2 are required for ATG9 
retrieval (Reggiori et al., 2004). One exception is ATG8, which can be found both in the PAS 
and completed autophagosomes and even in the autophagic body. This renders ATG8 a 
useful marker to trace autophagy (Kirisako et al., 1999; Kabeya et al., 2000). 
(4) Vesicle fusion with vacuole and breakdown in vacuole. During this stage, the 
autophagosome fuses with the vacuolar membrane and the autophagic body is released into 
the vacuole lumen. The autophagic body is then degraded by various hydrolases. The fusion 
step requires the v-SNARE (vesicle-soluble n-ethylmaleimide-sensitive factor adaptor 
protein receptor) VTI1, syntaxin Vam3, members of the class C Vps/HOPS complex, a small 
GTP-binding protein of the Rab family, Ypt7 that interacts with Monl/Cczl complex. 
Finally, breakdown of the autophagic body depends on a set of vacuolar hydrolases, 
including the lipase Atgl5, proteinase A (Pep4) and proteinase B (Prbl) (Klionsky, 2005). 
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1.3. Physiological roles of autophagy in higher eukaryotes 
The advances made in the study of yeast autophagy have formed the foundation for 
identification of the molecular machinery and biological functions of autophagy in higher 
eukaryotes. Most (but not all) of the yeast autophagy genes have potential orthologs in higher 
eukaryotes such as plants, nematodes, slime mold, flies and mammals (Doelling et al., 2002; 
Otto et al., 2003; Melendez et al., 2003; Yue et al., 2003). Furthermore, some of these 
orthologs can complement their corresponding yeast autophagy mutants, suggesting a high 
degree of evolutionary conservation of autophagy genes (Thumn and Kadowaki, 2001). 
Genetic analysis of these orthologs using knock-out mutants or RNAi silenced lines has 
revealed not only conservation of the role of autophagy in nutrient deprivation conditions, 
but also potentially important roles for the autophagic machinery in many aspects of 
development, such as normal reproductive growth, stress-induced adaptations, aging, and in 
cell death and cell growth control (For review, see Levine et al., 2004). 
In normal growth conditions, deletion or silencing of some autophagy genes results in 
lethality during early development in some species such as Drosophila, C. elegans, and mice 
(Juhasz et al., 2003; Melendez et al., 2003; Qu et al., 2003; Yue et al., 2003). In addition to 
nutrient deprivation stress, several other abiotic stresses, such as high temperature (Levine et 
al., 2004) and oxidative stress (Keller et al., 2004; Zheng et al., 2006), and biotic stress, such 
as virus infection (Talloczy et al., 2002), can be potent inducers of autophagy in mammalian 
cells. One explanation is that autophagy can degrade abnormal cell contents whose 
accumulation in the cytosol is caused by these stresses, such as aggregated proteins, damaged 
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organelles, accumulated toxins, proteins and pathogens, thus preventing further damage to 
cells (Cuervo et al., 2004). In some species, autophagy is essential for some stress-induced 
differentiation and development processes that require cells perform rapid degradation and 
recycling of cellular constituents for significant phenotypic changes. For example, the 
formation of dauer larvae in C. elegans under conditions of limited food, high population 
density and increased temperature, are disrupted in autophagy mutants (Riddle, 1997; 
Melendez et al., 2003). Furthermore, autophagy may also function in cell growth control in 
development. In Drosophila, inactivation of TOR kinase, a key negative regulator for 
autophagy, dramatically inhibits cell growth (Neufeld, 2004), and Beclin 1, a component of 
the autophagic machinery, is found to function as a tumor suppressor (Liang et al., 1999; Yue 
et al., 2003) 
1.4. Identification of Arabidopsis orthologs of yeast autophagy genes 
As in animals, orthologs of most yeast ATG genes are present in plant genome, such as in 
Arabidopsis, maize and rice (Hanaoka et al., 2002; Thompson and Vierstra, 2005). So far, 31 
genes have been identified to be involved in autophagy in yeasts and at least 24 have 
orthologs in Arabidopsis (Hanaoka et al., 2002; Bassham et al., 2006; Thompson and 
Vierstra, 2005). These orthologs cover virtually all of the stages of autophagy described in 
section 1.2 for yeast, for example, the TOR kinases in induction of autophagy, all 
components of the ATG1-ATG13 kinase complex, parts of the VPS34-PtdIns 3 kinase 
complex, all but ATG16 of the ATG8-ATG12 conjugation cascades in autophagosome 
formation, and v-SNARE VTI1 for vesicle fusion and breakdown. Some Arabidopsis ATG 
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proteins display remarkable overall conservation to their yeast and animal relatives and 
several of them, such as AtATG4, AtATG6 and AtATG8, can complement the corresponding 
yeast atg mutants (Hanaoka et al., 2002; Liu et al., 2005; Yoshimoto et al., 2004), suggesting 
that the molecular mechanism of autophagy is highly conserved between plants and yeasts. 
Compared to yeast, in which most of the autophagy components are encoded by single genes, 
many of the Arabidopsis ATG proteins are encoded by small gene families; for example, 
there are nine ATG8 genes, eight ATG18 genes and two ATG4 genes in Arabidopsis 
(Hanaoka et al., 2002; Xiong et al., 2005; Yoshimoto et al., 2004). Some of these isoforms 
are functionally redundant but some of them exhibit distinct cellular localizations and 
different functions. For instance, the two AtATG4s are functionally redundant and only the 
doublmutant atg4a4b exhibits an autophagy defective phenotype (Yoshimoto et al., 2004). 
For the AtATGSs, most of the GFP-ATG8s fusion proteins, except for ATG8h and ATG8i, 
are associated with autophagosomes under starvation conditions (Yoshimoto et al., 2004; 
Contento et al., 2005; Thompson et al., 2005). Furthermore, GFP-ATG8f is associated with 
autophagosomes even in normal growth conditions in transgenic plant root cells (Slavikova 
et al., 2005). For AtATG18s, so far only AtATGl 8a is found to be involved in 
autophagosome formation (Xiong et al., 2005). This heterogeneity implies that autophagy in 
plants is more elaborate than yeast and these isoforms of yeast ATG genes may function in 
different autophagy stages, different developmental stages or different growth conditions. 
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1.5. Physiological roles of autophagy in plants 
The collection of Arabidopsis ATG genes now provides a new opportunity for us to study the 
function and mechanism of autophagy in plants. Several T-DNA knock-out atatg mutants 
have been generated. To date, these include null mutants in ATG9 (Hanaoka et al., 2002), 
ATG4/ATG5/ATG7 of the conjugation step (Doelling et al., 2002; Thompson et al., 2005; 
Yoshimoto et al., 2004) and the Arabidopsis ortholog of the VTI1 v-SNARE (Surpin et al., 
2003). Genetic analysis of these autophagy defective mutants has revealed several important 
functions of autophagy in plants. 
In timing of senescence and bolting 
Under normal growth conditions, atatg mutants are morphologically indistinguishable from 
wild type plants and display normal embryogenesis, seed germination, cotyledon 
development, root and shoot elongation and seed production. The only difference observed is 
the timing of bolting and senescence. In all atatg mutants identified so far, leaf senescence is 
accelerated (Doelling et al., 2002; Hanaoka et al., 2002; Surpin et al., 2003). In addition, 
inflorescence bolting is also accelerated in the atatg9-l mutant (Hanaoka et al., 2002), 
indicating an important role for autophagy in these processes. The reason why disruption of 
autophagy causes early senescence is unclear. Chlorophyll and chloroplast protein 
degradation is faster in atatg mutants than in wild type, indicating that plants exploit other 
proteolytic systems for degradation of chloroplast proteins. Considering that most of the 
cellular nitrogen is stored in the chloroplast and nutrients are redirected into seeds from old 
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leaves during leaf senescence, this accelerated senescence seen in atatg mutants may be 
caused by enhanced chloroplast catabolism in order to provide essential nutrients to maintain 
the requirement for seed production. Another explanation is that autophagy may be involved 
in degradation of senescence regulated component that reside outside of the chloroplast 
(Levine and Klionsky, 2004; Bassham et al., 2006). 
In nutrient remobilization under starvation conditions 
Growth of atatg mutants in sub-optimal conditions indicates an important role for autophagy 
in plant survival under nutrient starvation conditions. When grown on either carbon- or 
nitrogen-starvation medium, atatg mutants exhibit increased chlorosis, accelerated bolting 
and decreased seed yield (Doelling et al., 2002; Hanaoka et al., 2002; Xiong et al., 2005). 
Root elongation of atatg mutants is also inhibited under nutrient deprivation conditions 
compared to that of wild type seedlings (Yoshimoto et al., 2004). These observations are 
consistent with the hypothesis that under starvation conditions, autophagy is induced to 
recycle the cytoplasmic components to provide raw materials and energy for the maintenance 
of essential cellular functions (Klionsky and Ohsumi, 1999). 
In innate immune response to pathogen infection 
The hypersensitive response (HR), one of the programmed cell death (PCD) pathways, is 
induced by incompatible plant-pathogen interactions to prevent the spread of pathogen from 
the infection site (Chichkova et al., 2004). Recently, it has been demonstrated that the 
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autophagy pathway also plays an essential role in controlling HR to pathogen infection (Liu 
et al., 2005). When autophagy is inhibited, instead of being restricted to the infection site, HR 
PCD spreads to uninfected healthy leaf tissue. The mechanism by which autophagy is 
involved in this process is unclear. One possibility is that autophagy can eliminate death-
promoting signals escaping out from pathogen-infected site. 
Others 
From morphological observations, especially through electron microscopy, autophagy has 
also been suggested to play a central role in formation and degradation of protein storage 
vacuoles (PSVs) during seed development and germination, de novo vacuolar biogenesis and 
apoptotic processes such as xylem and schlerid cell morphogenesis (Beers, 1997; Hoh et al., 
1995; Toyooka et al., 2002; Van et al., 1980). For example, autophagosomes accumulate 
during embryo development in the vacuole biogenesis defective mutant veil, which is unable 
to degrade autophagosomes normally (Rojo et al., 2001). Levanony et al. (1992) found that 
storage proteins are delivered to the vacuole by a mechanism that resembles autophagy in 
some species such as wheat. It is also proposed that autophagy-like pathways are used to 
encapsulate PSVs to form the large central vacuole in plant cells (Marty, 1999; Toyooka et 
al., 2001). Atatg mutants, however, do not exhibit any defects in these processes. The central 
vacuoles that develop in young atg7 mutants appear to be morphologically identical to those 
from wild type plants and seed germination and xylem development also appear normal in 
atatg mutants (Doelling et al., 2002; Hanaoka et al., 2002). The observation that autophagy 
functions shown by electron microscopy are not reflected in the phenotypes of autophagy-
12 
defective mutants implies the possibility that other autophagic pathways exist that work in 
the absence of the ATG system. 
1.6. Challenges for studying autophagy in plants 
Autophagy and its morphological characteristics have been observed in plants (Contento, et 
al., 2004; Moriyasu and Ohsumi, 1996). The molecular mechanism and physiological role of 
autophagy in plants, however, is still poorly understood. The main reasons are that there is no 
suitable molecular marker to trace when and where autophagy is induced in plants and only a 
few autophagy and autophagy-related mutants have been identified in plants. Following the 
identification of At ATG proteins in Arabidopsis, functional analyses of these AtATGs will 
greatly help us to understand the autophagy process in plants and identify suitable molecular 
markers for autophagy. 
1.7. Motivation for studying autophagy 
With the increase in world population contrasting to limited agricultural land, the 
improvement of crop yield is an essential goal both for U.S. and world agriculture. There are 
two important factors limiting the yield of crops: senescence and environmental stresses. 
Early leaf senescence prevents plants from reaching their potential maximum yield. 
Environmental stresses, such as nutrient deprivation, oxidative stress, high salinity and 
osmotic stress, inhibit plant growth and dramatically decrease crop production. To overcome 
the limitation of early senescence and environmental stresses on crop yield, it is critical to 
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understand the molecular mechanism by which plants respond to these conditions, as the key 
genes and molecules in these processes would be potential targets for engineering plants' 
resistance to unfavorable growth conditions. There have been many successes in developing 
stress-tolerant and senescence-delayed transgenic crops. For example, when over-expressing 
IPT, a gene encoding the rate limiting enzyme in cytokinin biosynthesis driven by a 
senescence-specific promoter, transgenic tobacco plants display delayed senescence and the 
yield in these transgenic plants is also greatly improved (Gan and Amasino, 1995). When 
over-expressing AtNHXl, a vacuolar Na+/H+ antiporter that can mediate the transportation of 
cytosolic toxic Na+ into the vacuole, transgenic tomato plants can grow, flower and set fruit 
in high salinity conditions (Zhang and Blumwald, 2001). 
Autophagy plays a role both in timing of senescence and adaptation to environment stresses, 
as Arabidopsis autophagy defective plants showed an early senescence phenotype and were 
sensitive to both carbon and nitrogen starvation conditions (Doelling et al., 2002; Hanaoka et 
al., 2002; Yoshimoto et al., 2004; Xiong et al., 2005). However, knowledge of autophagy in 
plants is limited. Little is known about the molecular mechanism underlying autophagy. The 
physiological roles of autophagy in plant development and stress adaptation and how 
autophagy activity is regulated in these processes are still unclear. So far, only a few genes 
were identified as being involved in the autophagy pathway by similarity to yeast autophagy 
genes (Doelling et al., 2002; Hanaoka et al., 2002; Surpin et al., 2003; Thompson et al., 2005; 
Yoshimoto et al., 2004). In the studies described in this dissertation, our aim was to identify 
new genes involved in the autophagy pathway and to study how autophagy contributes to 
plant survival in unfavorable conditions. We also studied the mechanism by which autophagy 
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is regulated in different stress conditions. These studies will be helpful in developing new 
strategies for engineering crops for delayed senescence and improved growth under 
environmental conditions, and therefore, to improve yield in the future. 
1.8. Specific Aims 
1 Development of convenient fluorescent markers to monitor autophagy induction in 
plants 
2 Identification of autophagy or autophagy-related genes in Arabidopsis 
3 Generation of autophagy-defective transgenic plants 
4 Use of these autophagy markers and autophagy-defective transgenic plants to study 
the physiological role of autophagy in plant development and abiotic stress adaptation 
in Arabidopsis 
1.9. Dissertation Organization 
Chapter 2 presents our efforts to develop two fluorescent markers for autophagy: the 
fluorescent dye monodansylcadaverine (MDC) and the GFP-AtATG8e fusion protein. These 
two fluorescent markers can both specifically stain autophagosomes in suspension cells and 
Arabidopsis root cells. The advantage of these two markers for studying autophagy is 
discussed in chapter 2. In chapter 3, an autophagy gene, AtATG18a, was identified based on 
its sequence similarity with yeast autophagy gene ATG18. RNAi-AtATG18a transgenic lines 
with decreased AtATG18a transcript level were generated. These RNAi lines are more 
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sensitive to nutrient deprivation conditions and senesce early compared to wild type. 
Autophagosome formation in RNAi-AtATG18a transgenic plants is disrupted, indicating that 
AtATGlSa is required for autophagosome formation. Chapter 4 uses the fluorescent markers 
identified in chapter 2 and autophagy-defective transgenic plants generated in chapter 3 to 
investigate the function of autophagy in oxidative stress conditions in Arabidopsis. Chapter 5 
further studies the role of autophagy in other abiotic stresses, such as high salinity and 
osmotic stress, and explores the possible regulatory function of NADPH oxidase homologs in 
autophagy induction. Chapter 6 summarizes the conclusions and discusses areas of future 
work. 
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Figure 1.1. Schematic representation of known components of the autophagy pathway in 
yeast, (a) Induction of autophagy. Tor kinase negatively regulates autophagy by 
phosphorylating Atgl3, resulting in a lower affinity for the Atgl kinase. Under starvation 
conditions, Atgl 3 and Atgl are dephosphorylated. The Atgl-Atgl 3 complex then promotes 
induction of autophagy. (b) Vesicle nucleation. The Ptdlns 3-kinase complex and one integral 
membrane protein Atg9, are involved in this process, (c) Vesicle expansion. Two ubiquitin-
like proteins are required for this process. With the help of the El enzyme Atg and E2 
enzymes AtglO and Atg3, Atg8 is conjugated to phosphatidylethanolamine (PE) and Atgl2 
is conjugated to Atg5. Atgl2-Atg5 conjugate then forms a complex with Atg 16 that enhances 
Atg8-PE conjugation. Prior to Atg8 conjugation, the carboxyl-terminal arginine (R) of Atg8 
is removed by a cysteine protease, Atg4. (d) Retrieval. Once the autophagosome is 
completed, the integral membrane protein Atg9 is removed through a process involving Atg2 
and Atgl 8. (e) Vesicle fusion with vacuole and breakdown in vacuole. The components 
required for fusion of autophagosomes with the vacuolar membrane include the SNARE 
complex composed of Vtil, Ykt6, Vam3 and Vam7, the rab protein Ypt7, members of the 
class C Vps/HOPS complex, and the Ccz and Monl proteins that bring the autophagosomes 
into proximity with the vacuole prior to fusion. Breakdown of the autophagic body depends 
on a set of vacuolar hydrolases, such as Atgl 5, Pep4 and Prbl. 
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CHAPTER 2 
VISUALIZATION OF AUTOPHAGY IN ARABIDOPSIS USING THE 
FLUORESCENT DYE MONODANSYLCADAVERINE AND A GFP-AT AT G8E 
FUSION PROTEIN 
A paper published in Plant Journal* 
Anthony L. Contento+, Y an Xiong1 and Diane C. Bassham* 
Department of Genetics, Development and Cell Biology (A.L.C., Y.X., D.C.B.), Plant 
Sciences Institute (A.L.C., D.C.B.) and Interdepartmental Plant Physiology Program (Y.X., 
D.C.B.), 353 Bessey Hall, Iowa State University, Ames, IA 50011, USA. 
2.1. Summary 
Autophagy is a process that is thought to occur in all eukaryotes in which cells recycle 
cytoplasmic contents when subjected to environmental stress conditions or during certain 
stages of development. Upon induction of autophagy, double membrane-bound structures 
called autophagosomes engulf portions of the cytoplasm and transfer them to the vacuole or 
lysosome for degradation. In this study, we have characterized two potential markers for 
autophagy in plants, the fluorescent dye monodansylcadaverine (MDC) and a Green 
Fluorescent Protein (GFP)-AtATGSe fusion protein, and propose that they both label 
* Reprinted with permission of Plant Journal, 2005, 42, 598-608 
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autophagosomes in Arabidopsis. Both markers label the same small, apparently membrane-
bound structures found in cells under conditions that are known to induce autophagy, such as 
starvation and senescence. They are usually seen in the cytoplasm, but occasionally can be 
observed within the vacuole, consistent with a function in the transfer of cytoplasmic 
material into the vacuole for degradation. MDC-staining and the GFP-AtATG8e fusion 
protein can now be used as very effective tools to complement biochemical and genetic 
approaches to the study of autophagy in plant systems. 
2.2. Introduction 
Autophagy is a process that is thought to occur in all eukaryotes in which cells recycle 
cytoplasmic contents during periods of stress, providing materials for re-use or energy for 
survival, or during development to promote cellular remodeling (see Huang and Klionsky, 
2002 for a review). During autophagy, double membrane-bound structures, called 
autophagosomes, engulf portions of the cytoplasm and transfer them to the vacuole or 
lysosome. The outer membrane of the autophagosome fuses with the vacuolar/lysosomal 
membrane, releasing the inner membrane and its contents into the vacuole/lysosome. 
Autophagy is involved in the turnover of long-lived proteins and organelles under normal 
conditions and during periods of nutrient stress (Seglen and Bohley, 1992; Aubert et al., 
1996; Doelling et al., 2002). 
Nutrient stress-induced autophagy in plants has been studied in maize root tips (Brouquisse 
et al., 1991; James et al., 1993) and whole maize plants (Brouquisse et al., 1998), and rice 
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(Chen et al., 1994), sycamore (Aubert et al., 1996), tobacco (Moriyasu and Ohsumi, 1996) 
and Arabidopsis (Contento et al., 2004) suspension cell cultures during sucrose starvation. In 
starving cells, an increase in the size of the vacuole is evident, with a decrease in cytoplasmic 
volume and an increase in the activity of vacuolar enzymes (Moriyasu and Ohsumi, 1996). 
These changes allow survival of the cell or plant for an extended period of time, until a 
nutrient source is restored. 
Our understanding of the autophagy process has been enhanced by the isolation of yeast 
mutants that are defective in autophagy, leading to the identification of twenty-seven 
autophagy-related ATG genes (Tsukada and Ohsumi, 1993; Thumm et al., 1994; Harding et 
al., 1996; Klionsky et al., 2003). Autophagy in yeast is negatively regulated by a Target-of-
Rapamycin (TOR) kinase (Noda and Ohsumi, 1998) and is initiated by the ATG1 protein 
kinase switch and a phosphatidylinositol-3-kinase (Matsuura et al, 1997; Straub et al, 1997; 
Kihara et al., 2001). Autophagy utilizes a unique conjugation system, generating an Atg5-
Atgl2 protein conjugate that is required for autophagosome formation and an Atg8-
phosphatidylethanolamine conjugate, which controls autophagosome expansion (Mizushima 
et al., 1998a and 1998b; Klionsky and Ohsumi, 1999; Ichimura et al., 2000). In Arabidopsis, 
genes encoding potential homologs for many of these yeast autophagy proteins have been 
found. Arabidopsis knockout mutants in homologs of the yeast autophagy genes ATG9, 
ATG7, VTI1 and ATG 18 showed increased sensitivity to nitrogen deficiency and an early 
senescence phenotype (Hanaoka et al., 2002; Doelling et al., 2002; Surpin et al., 2003; Xiong 
et al, 2005), suggesting that autophagy is important in Arabidopsis under these conditions. 
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Another key to increasing our understanding of the autophagy process has been the 
development of markers or assays for autophagy. One such marker is the protein Atg8, which 
is essential for autophagy in yeast. It is involved in lipid recruitment during autophagosome 
formation upon amino acid starvation (Kirisako et al., 1999) and is the only identified ATG 
protein that, in addition to being associated with the preautophagosome, remains associated 
with mature autophagosomes until they reach the vacuole (Kirisako et al., 2000; Ichimura et 
al., 2000). Immunofluorescence microscopic studies of Atg8 in yeast revealed that it 
localizes to punctate structures identified as autophagosomes (Kirisako et al., 1999). Electron 
microscopic studies in rat have shown that that a mammalian Atg8 homolog, microtubule-
associated light chain 3 protein (LC3), is also localized to autophagosomes (Mann and 
Hammarback, 1994; Legesse-Miller et al., 2000, Kabeya et al., 2000). Later studies used 
Green Fluorescent Protein (GFP)-LC3 as a marker in transgenic mice to examine the 
variations in autophagy from organ to organ (Mizushima et al., 2004). 
Monodansylcadaverine (MDC) is an autofluorescent amine that has been shown to 
specifically stain autophagosomes in mammals (Biederbick et al., 1995; Munafo and 
Colombo, 2001). In mammalian cells, the specificity of MDC staining is derived both from 
ion trapping, as autophagosomes are known to be acidic compartments, and interaction with 
lipid molecules found in high concentration in autophagosomes (Niemann et al., 2000). 
Biederbick et al. (1995) stained intact human cells with MDC, followed by sucrose gradient 
fractionation to isolate the stained component. Electron microscopy demonstrated that the 
MDC-stained organelles were double-membrane autophagosomes. Small, MDC-stained 
structures were also visible in CHO cells in which autophagy was induced by amino acid 
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starvation (Munafo and Colombo, 2001). Labeling of these structures was prevented in the 
presence of autophagy inhibitors, indicating that MDC also labels autophagosomes in this 
cell type. A GFP-LC3 fusion protein was recruited to the MDC-labeled vesicles during 
amino acid starvation, which confirmed the autophagic nature of these structures (Munafo 
and Colombo, 2001). 
Autophagy has been studied morphologically in plant cells (Aubert et al., 1996; Moriyasu 
and Ohsumi, 1996), and Arabidopsis knockout mutants in homologs of yeast autophagy 
genes have been characterized (Doelling et al., 2002; Hanaoka et al., 2002). However, the 
analysis of autophagy in plants has been hindered by the lack of a convenient marker or assay 
for the autophagy process. Two markers for autophagosomes have been described in 
mammalian cells, the fluorescent dye monodansylcadaverine (MDC) and the Atg8/LC3 
protein. Here, we demonstrate that these markers can be used as an assay for autophagy in 
Arabidopsis, and analyze the conditions under which autophagosomes form in vivo in plant 
cells. 
2.3. Results 
Monodansylcadaverine staining oi Arabidopsis suspension cells 
To analyze the potential for using MDC as a marker for autophagy in plants, Arabidopsis 
suspension cells were sucrose-starved for 0, 24, 48 or 72 hours to induce autophagy 
(Contento et al., 2004). Starved cells, or non-starved controls, were stained by incubation 
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with 50 p,M MDC for 10 minutes at room temperature, followed by washing with phosphate-
buffered saline (PBS) to remove excess dye, and observed by fluorescence microscopy. In 
the control cells (+sucrose) very little staining was observed, with only weak staining of the 
cell wall and/or plasma membrane at all time points. In contrast, after 24 hours of starvation 
cells displayed strong staining of moving, spherical structures within the cell (Figure 2.1a). 
The size of the structures varied, and often large and small stained structures could be seen 
within the same cell; however, their average size increased by 48 hours of starvation. Most 
of the structures were seen in the cytoplasm, but occasionally they appeared to be present 
within the vacuole, suggesting that they may eventually be delivered to the vacuole (also see 
Figure 2.3f). The number of cells with MDC staining decreased after 72 hours, possibly due 
to an increase in cell death at later starvation time points (Contento et al., 2004), although the 
cells that did stain frequently contained a large number of stained structures compared with 
the 24 and 48 hr time points (Figure 2.1c). Small MDC-stained structures were only 
occasionally seen in the control, non-starved cells, and these structures were less intensely 
stained, smaller and in much fewer number than in the starved samples. Larger structures 
were never seen in the control cells. The presence of MDC-stained structures predominantly 
in starved cells suggests that MDC stains autophagosomes in Arabidopsis, as it does in 
mammalian cells. 
Autophagosomes are thought to be acidic compartments, and MDC staining specificity in 
mammals is derived partly from this property (Niemann et al., 2000). To further characterize 
the Arabidopsis MDC-stained structures, sucrose-starved suspension cells were preincubated 
with 50 mM ammonium chloride for 20 mins to neutralize the lumenal pH, prior to MDC 
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staining. This treatment significantly inhibited MDC staining (Figure 2.1c), with the average 
number of autophagosomes visible per cell cross-section reduced approximately 10-fold at 
24 and 48 hr starvation time points. Ammonium chloride treatment does not prevent 
autophagosome formation, as a GFP-fusion with the Atg8 homolog AtATG8e still labels 
autophagosomes after treatment (see below; data not shown). This indicates that an acidic 
lumen is required for labeling with MDC, providing further evidence that MDC specifically 
labels autophagosomes in Arabidopsis. Interestingly, at 72 hrs starvation, ammonium 
chloride was less effective at inhibiting MDC staining. At this time point, autophagosomes 
were still labeled with MDC in the presence of ammonium chloride, although staining was 
much weaker than in its absence. It has been shown previously that extensive cell death is 
occurring after 72 hrs sucrose starvation of suspension cells (Contento et al., 2004), 
potentially by autophagic or type II programmed cell death. Our results indicate that there 
may be a change in the structure or lipid composition of autophagosomes at this late stage, 
concurrent with a switch from cell survival to cell death. 
Fluorescence spectroscopic analysis of MDC-stained Arabidopsis suspension cells 
Fluorescence of MDC-stained suspension cell samples was measured by UV-fluorescence 
spectroscopy to determine if the difference in signal between starving and non-starving cell 
samples could be used as a quantitative measure of autophagy. Cells were stained and 
washed as described above, and the fluorescence, relative to control cells, was determined 
per gram of fresh weight (Figure 2.1c). The fluorescence intensity increased more than two­
fold after 24 hours of starvation. The fluorescence decreased slightly after 48 hours of 
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starvation, and decreased again after 72 hours, but remained significantly above the 0-hour 
levels. Fluorescence levels in the non-starvation control samples did not differ between the 
time points. The fluorescence intensity of the starving and control samples correlates with 
the number of MDC-staining cells and intensity of MDC staining as determined by 
microscopy (Figure 2.1a and b). These data suggest that fluorescence spectroscopy 
measurement of MDC-stained cells can be used as a rapid, semi-quantitative assay to 
determine the extent of autophagy in plant suspension cells. 
Movement of MDC-stained structures 
The MDC-stained structures in starved suspension cells varied in size and movement. 
Smaller structures showed a rapid and apparently directional movement around the cell, 
while larger structures moved much more slowly, typically vibrating in place (Data not 
shown). The speed of the smaller MDC-stained structures in 48-hour sucrose-starved 
suspension cells was measured by determining distance traveled over a period of time. These 
small spheres moved across the cell with an average speed of approximately 2 pm/second, 
comparable in speed to the movement of organelles such as peroxisomes or Golgi (Boevink 
et al., 1998; Mano et al., 2002; Mathur et al., 2002). 
Characterization of an Arabidopsis Atg8 ortholog 
Previous yeast and mammalian studies have shown that AtgB and its orthologs specifically 
localize to autophagosomes (Kirisako et al., 1999; Kabeya et al., 2000), and therefore make 
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excellent markers for autophagosomes. The Arabidopsis genome encodes nine potential Atg8 
orthologs, at least seven of which are expressed (Doelling et al., 2002; Hanaoka et al., 2002). 
One of the Arabidopsis ATG8 genes, AtATG8e (At2g45170; APG8e in Hanaoka et al., 2002), 
shows increased expression by Affymetrix GeneChip analysis during sucrose starvation 
(Contento et al., 2004), making it a good candidate for an autophagosomal marker in 
Arabidopsis. The expression increase was verified in suspension cells after 24 and 48 hours 
of sucrose starvation by RT-PCR (Figure 2.2a) and by northern blot hybridization using a 
gene-specific probe (Figure 2.2b). AtATG8e showed an increase in transcript level after 24 
and 48 hours of sucrose starvation, compared with low RNA levels in the 0 and 48 hour 
control samples. AtATG8e transcript levels were also determined for whole Arabidopsis 
plants. One-week-old seedlings were subjected to either nitrogen or carbon starvation. 
Seedlings were harvested after 2 or 4 days of starvation and total RNA was extracted for 
northern blot analysis (Figure 2.2c). In control seedlings, AtATG8e transcript levels 
remained low. Transcript levels increased slightly after 2 or 4 days of nitrogen starvation, 
whereas a significant increase in expression was seen upon sucrose starvation. 
A GFP-AtATG8e fusion construct was used to transiently transform protoplasts made from 
Arabidopsis suspension cells. Protein was extracted from transformed cells after incubation 
in the presence or absence of sucrose and the distribution of GFP-AtATG8e fusion protein 
between insoluble and soluble fractions was determined, since yeast Atg8 is associated with 
the autophagosome membrane. Insoluble protein was separated from soluble by 
centrifugation, and GFP-AtATG8e was detected by immunoblotting using anti-GFP 
antibodies (Figure 2.2d). Regardless of whether the protoplasts were starved or not, the 
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majority of the GFP-AtATG8e fusion protein was found in the insoluble fraction, while only 
a small amount was in the soluble fraction, indicating that GFP-AtATG8e may be 
membrane-associated. In contrast, GFP alone was found mostly in the soluble fraction under 
the same conditions. 
To further confirm the membrane association of GFP-AtATG8e, protoplasts expressing GFP-
AtATGSe were incubated for 2 days in the presence or absence of sucrose. Lysed protoplast 
extracts were loaded onto a 25% sucrose step on top of a 60% sucrose cushion and 
membranes separated by centrifugation onto the cushion. Immunoblotting using GFP 
antibodies (Figure 2.2e) revealed that in the starved samples, the majority of the GFP-
AtATGSe was present at the top of the 60% sucrose cushion, indicating that it is likely to be 
membrane-associated. In contrast, in the presence of sucrose, some GFP-AtATG8e was seen 
at the cushion, but the majority of the protein was found above the cushion, in the load and 
upper 25% sucrose fraction. Little protein was found below the 60% sucrose interface in 
either case (data not shown). These results demonstrate that at least a portion of the GFP-
AtATGSe is associated with membranes, and that a larger fraction is membrane-bound in 
starved cells than in non-starved cells. 
Protoplasts expressing GFP-AtATG8e were visualized by fluorescence microscopy after 48 
hours of sucrose starvation (Figure 2.3b). GFP fluorescence was observed associated with 
moving, spherical structures of varying size and speed, similar to the structures found during 
MDC-staining of protoplasts and suspension cells. At very high levels of GFP-AtATG8e 
expression, these structures could not be seen, and instead the GFP fluorescence was found 
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throughout the cytoplasm; the amount of plasmid was therefore adjusted to allow moderate 
expression levels. In non-starved cells, non-motile aggregates of GFP-AtATG8e fluorescence 
were dispersed throughout the cytoplasm and distinct structures were not visible (Figure 
2.3a). These results indicate that in Arabidopsis, as in other organisms examined, the Atg8 
homolog AtATG8e can be used as a marker for autophagy. 
Colocalization of monodansylcadaverine and GFP-AtATG8e fusion protein in 
Arabidopsis protoplasts 
To confirm that MDC specifically stains autophagosomes m Arabidopsis, as it does in 
mammalian cells, protoplasts expressing GFP-AtATG8e were sucrose-starved for 48 hours, 
followed by staining with MDC. In suspension cell and leaf protoplasts, GFP-AtATG8e and 
MDC staining colocalized to small, moving structures that were absent in non-starved 
controls (Figure 2.3d and e). Single labeling controls confirmed that there is no bleed-
through of signal between filters (Figure 2.3a, b, c). The rapid movement of the 
autophagosomes was problematic for imaging; in many cases the autophagosomes moved 
slightly while changing filters. However, observation of many different protoplasts with 
double-labeling confirmed that GFP-AtATG8e and MDC do in fact label the same structures. 
We conclude that the MDC-stained vesicles are likely to be autophagosomes, and that both 
MDC and GFP-AtATG8e can be used as markers for autophagy in Arabidopsis. 
To clarify the location of the autophagosomes within the cell, protoplasts expressing GFP-
AtATG8e were starved of sucrose for 48 hours, followed by staining with the fluorescent dye 
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FM4-64. FM4-64 binds to the plasma membrane and is taken up into cells by endocytosis, 
eventually reaching the vacuolar membrane after several hours of incubation (Ueda et al., 
2001). It can therefore be used as a fluorescent marker for the tonoplast. Starved protoplasts 
internalized the FM4-64 more slowly than non-starved, presumably because of a decreased 
rate of endocytosis (data not shown). However, after 6 hours of incubation, staining of the 
tonoplast could be seen by confocal microscopy (Figure 2.3f; arrows in FM4-64 panel). To 
confirm that the FM4-64 was taken up by endocytosis, rather than non-specific staining of 
dying cells, starved cells expressing GFP-AtATG8e were also stained with FM4-64 for 6 
hours on ice to prevent uptake (Figure 2.3g). The FM4-64 stained the plasma membrane of 
these cells (arrows in FM4-64 panel) but no internal staining was observed, indicating that 
internalization in the starved protoplasts is an active membrane trafficking process and the 
cells are still viable at this time. 
While most of the GFP-AtATG8e-labeled structures were present in the cytoplasm, 
occasionally they were seen inside the vacuole (arrow in Figure 2.3f, merged panel); this was 
confirmed by taking a Z-series through the protoplast (data not shown). This suggests that the 
autophagosomes present in the cytoplasm are eventually delivered to the vacuole for 
degradation. Interestingly, the autophagosomes within the vacuole were labeled with FM4-64 
in addition to GFP-AtATG8e (Figure 2.3f), whereas those in the cytoplasm were not. It 
appears that prior to or upon uptake into the vacuole, membrane derived from endosomes or 
the tonoplast is incorporated into the autophagosomes. In mammalian cells, autophagosomes 
can fuse with endosomes prior to their final fusion with lysosomes (Lucocq and Walker, 
1997), and it is possible that this is also occurring in the plant protoplasts. 
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Monodansylcadaverine staining of Arabidopsis roots and senescent leaf protoplasts 
Ideally, for an autophagosome marker to be most useful, it should work as a reporter for 
autophagy in intact plants, as well as suspension cells and protoplasts. To determine whether 
MDC can be used to stain autophagosomes in whole plants, seven-day-old Arabidopsis 
seedlings were subjected to nutrient starvation. Seedlings were transferred to medium 
lacking sucrose and grown in the dark to induce sucrose starvation, followed by staining with 
MDC (Figure 2.4). Roots were observed using fluorescence microscopy after 0, 2 or 5 days 
of starvation. The 0-day roots displayed only weak staining of the cell wall and plasma 
membrane. After 2 days of sucrose starvation, MDC fluorescence signal increased, and 
MDC-stained motile structures were visible in the cytoplasm of cells along the length of the 
root, except for the cells of the root tip. After 5 days of sucrose starvation, MDC staining 
was more intense. The size and fluorescence intensity of the moving structures increased, 
and the structures were more abundant throughout the root, including in the root tip. Control 
seedlings grown in the light or on sucrose-containing plates did not contain MDC-stained 
vesicles. Alternatively, seedlings were transferred to medium lacking nitrogen and stained 
with MDC after 0, 2 or 5 days. Similar results were seen as for sucrose-starved seedlings 
(data not shown), indicating that autophagy can be induced in Arabidopsis roots by either 
sucrose or nitrogen starvation. 
The autophagy genes AtATG9 and AtATG7 are both required for the proper timing of 
senescence in Arabidopsis, as knockout mutants show a premature senescence phenotype 
(Hanaoka et al., 2002; Doelling et al., 2002). However, the cellular basis for this phenotype 
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is unclear, and the extent to which autophagy is involved in the senescence process is not 
known. To provide insight into the role of autophagy in leaf senescence, detached 
Arabidopsis leaves were incubated in the dark for 2-3 days to initiate senescence and 
protoplasts were isolated from this senescing tissue. The induction of senescence was 
confirmed by the increase in expression of two senescence-associated genes, AtSENl 
(At4g35770) and AtYSL4 (At5g4100), after two days of dark incubation (Xiong et al., 2005; 
data not shown). The protoplasts were stained with MDC and viewed using fluorescence 
microscopy (Figure 2.5). A similar pattern of MDC staining was observed in the senescent 
protoplasts as in protoplasts after starvation, with motile stained autophagosomes visible that 
were absent in protoplasts from freshly-detached leaves. These data suggest that autophagy is 
induced in detached, senescing leaves at an early time point, before visible signs of 
senescence such as loss of chlorophyll are evident. 
2.4. Discussion 
Autophagy is a process in eukaryotes by which long-lived proteins and organelles are turned 
over throughout the life cycle of an organism (Seglen and Bohley, 1992). It may be induced 
during development, periods of environmental stress, or senescence and cell death (Aubert et 
al., 1996; Doelling et al., 2002). In this study, we have characterized two potential markers 
for autophagy in plants, the fluorescent dye MDC and a GFP-AtATG8e fusion protein, and 
shown that they are both likely to label autophagosomes in Arabidopsis. 
Several lines of evidence indicate that MDC is an autophagosome-specific marker in 
Arabidopsis, as has previously been shown in mammalian cells. First, it labels small, 
apparently membrane-bound structures of an appropriate size to be autophagosomes. Second, 
these structures are only found in cells under conditions that are known to induce autophagy 
(i.e. starvation and senescence). Under nutrient-rich conditions, only a very weak, diffuse 
cytoplasmic MDC labeling is seen. Third, while most of the MDC-labeled structures are 
present in the cytosol, occasionally they can be seen inside the vacuole, suggesting that they 
function in the transfer of materials into the vacuole. Fourth, the MDC-stained structures 
have an acidic lumen, characteristic of autophagosomes in other species. Fifth, MDC staining 
co-localizes in starved cells with GFP-AtATG8e. Atg8 homologs localize to autophagosomes 
in all species that have been studied, and this appears to be true also in Arabidopsis. Finally, 
MDC-labeled structures are absent from transgenic plants with reduced levels of At ATG 18 a, 
a homolog of yeast Atgl 8 required for autophagosome formation, even upon starvation or 
during senescence (Xiong et al., 2005). Preventing autophagosome formation therefore 
prevents MDC staining, suggesting that MDC does in fact specifically stain autophagosomes 
in Arabidopsis plants. 
The key advantages to using MDC to detect autophagic vesicles in plants are specificity and 
simplicity. Past research has determined that MDC specifically labels autophagosomes in 
mammalian systems (Biederbick et al., 1995; Munafo and Colombo, 2001) and in this work 
we demonstrate that the same is true in Arabidopsis. Staining with MDC is simple, requiring 
only a brief exposure to the agent and washing to remove excess stain. Previous assays to 
measure autophagy in plants have involved electron microscopy to identify autophagosomes 
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(Aubert et al., 1996; Moriyasu and Ohsumi, 1996), which is extremely time-consuming and 
technically difficult, or staining with a lysosomal dye (Takatsuka et al., 2004), which 
requires the presence of protease inhibitors, and the specificity of this assay is not clear. 
Studies of autophagy mutants have relied on indirect measures of autophagy, such as 
sensitivity to starvation (Doelling et al., 2002; Hanaoka et al., 2002; Surpin et al., 2003). 
Using the assay we have described, MDC can be used to quickly stain Arabidopsis cells and 
whole plants, giving a direct measure of autophagy without the need for inhibitors or the 
construction of transgenic plants. 
The nature of the MDC-stained structures has revealed some important features of the 
process of autophagy in plants. The size of autophagosomes increased as the duration of 
starvation increased (Figure 2.4). The increasing size of autophagosomes may be regulated 
by the increase in the expression of AtATGSe protein, as Atg8 is responsible for controlling 
the size of autophagosomes in yeast (Kirisako et al., 1999). Larger autophagosomes may 
also be able to engulf organelles, such as mitochondria and peroxisomes, for delivery to the 
vacuole for degradation (Klionsky and Ohsumi, 1999). The MDC-stained autophagosomes 
were motile and moved either very slowly, vibrating in place, or very quickly, moving 
rapidly across the cell at a constant velocity of 2 pm/second. These two classes of 
autophagosome movement were also observed for GFP-At AT G8 e-labeled autophagosomes, 
and appear to be related to the size of the autophagosome; the significance of this finding is 
not yet known. In mammalian cells, it is known that MDC stains only mature 
autophagosomes, after acidification of the lumen, whereas GFP-LC3 labels autophagosomes 
at all stages of formation (Bampton et al., 2005). While the great majority of GFP-AtATG8e-
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labeled autophagosomes also stain with MDC, it is possible that these reagents label slightly 
different sub-populations of autophagosomes, and may be useful to distinguish between 
mutants with defects at different stages of autophagosome formation. 
A key observation is that autophagosome formation is induced very rapidly in a detached leaf 
senescence assay (Figure 2.5). The role of autophagy in leaf senescence has been somewhat 
controversial (Matile, 1997), and autophagy mutants show a premature senescence phenotype 
(Doelling et al., 2002; Hanaoka et al., 2002; Surpin et al., 2003). We demonstrate that 
autophagy is induced at early time points after leaf detachment, several days before a loss of 
chlorophyll is evident. This suggests that nutrient remobilization by autophagy is important 
in maintaining leaf structure and function for as long as possible, potentially to maximize the 
use of nutrients in seed filling. 
We have demonstrated that GFP-AtATG8e is also a useful marker for autophagy in 
Arabidopsis, and labels the same structures as MDC (Figure 2.3). GFP-AtATG8e may be 
more useful for co-localization studies with other proteins than is MDC, as it is more 
amenable to confocal microscopy. We have had some difficulty in visualizing MDC using 
confocal microscopy, perhaps due to its weaker signal. The disadvantage of GFP-AtATG8e 
as a marker is, of course, that transgenic plants or cells must be generated in order to use the 
marker. GFP fusions with three other Arabidopsis Atg8 orthologs (AtATG8i/At3gl5580, 
AtATG8b/At4g04620 and At AT G8 f7 At4g16520) were also tested in transient transformation 
of protoplasts. GFP fluorescence was localized to similar punctate structures as was 
observed in the GFP-AtATG8e transformants during sucrose-starvation (data not shown), 
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suggesting that all of these orthologs localize to autophagosomes. This is not entirely 
unexpected, as in mammals, all three of the Atg8 orthologs that have been studied are found 
on autophagosomes (Tanida et al., 2002; Hemelaar et al., 2003; Kabeya et al., 2004). It is 
possible that expression of the Arabidopsis Atg8 orthologs will be induced by different 
stimuli, or in different tissues or developmental stages of the plant. The differential 
expression of ATG8 orthologs during sucrose starvation (Contento et al., 2004), and the 
difference in expression pattern of AtATG8e m Arabidopsis seedlings during nitrogen and 
carbon starvation, may support this idea. While this manuscript was in review, Yoshimoto et 
al. (2004) demonstrated that AtATG8 and AtATG4 proteins are required for autophagy, 
supporting our conclusions that ATG8 homologs can be used as an autophagosome marker in 
Arabidopsis. 
In this paper, we have described two complementary assays for studying autophagy in plants. 
The first is the use of the autophagosome-localized protein GFP-AtATG8e to visualize 
autophagosomes in transiently-transformed protoplasts, and potentially in stably-transformed 
Arabidopsis plants. The major disadvantage of this assay is that transgenic plants must be 
generated, and therefore the analysis of autophagy mutants, for example, remains time-
consuming by this method. The second assay is the use of MDC, an inexpensive, 
autofluorescent amine, in a simple, specific staining procedure for studying autophagosomes 
in living plant cells and tissues. MDC can be used to semi-quantitatively determine the 
extent of autophagy in vivo, as a measure of an increase in fluorescence, or to determine the 
presence or absence of autophagosomes in cells and tissue under nutrient stress and 
senescence. While further testing is necessary to determine if MDC can be used in other 
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plant species, this assay can now be used to study the induction and inhibition of autophagy 
in Arabidopsis using chemical agents, environmental and developmental stimuli, and RNAi 
and knockout mutants. The simplicity of the assay may allow the development of a genetic 
screen for new Arabidopsis mutants that are defective in autophagy. It is possible that other 
auto fluorescent lysosomotropic agents, such as monodansylpentane (Niemann et al., 2001), 
specifically label autophagosomes, allowing for more variety in the available compounds that 
can be used to study autophagy. MDC-staining can now be used as a very effective tool to 
complement biochemical and genetic approaches to the study of autophagy in plant systems. 
2.5. Experimental procedures 
Growth of Arabidopsis suspension cell cultures 
An Arabidopsis thaliana Columbia-0 suspension cell culture was obtained from Dr. SB 
Gelvin and maintained by subculturing weekly into 50-mL of MS medium (Murashige-
Skoog Minimal Organics Medium (Gibco BRL, Gaithersburg, MD), 2% (w/v) sucrose, 
1 pg/mL naphthalene acetic acid (Sigma, St. Louis, MO), 50 ng/mL kinetin (Sigma, St. 
Louis, MO)). Cultures were grown in Erlenmeyer flasks at room temperature, under ambient 
light, with constant shaking (115-rpm rotation). 
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Growth of plant materials 
Arabidopsis thaliana Columbia-0 plants were grown on soil or solid medium (Murashige-
Skoog Vitamin and Salt Mixture (Gibco BRL, Gaithersburg, MD), 1% (w/v) sucrose (Sigma, 
St. Louis, MO), 2.4 mM 2-morphinolino-ethanesulfonic acid (MES) (Sigma, St. Louis, MO) 
and 0.8% phytagar (Gibco BRL, Gaithersburg, MD)). All plants were grown under 16hr 
light. 
Sucrose starvation treatment of suspension cell cultures 
All starvation time-courses were begun using suspension cells three days after subculturing, 
at an approximate cell density 2 x 105 cells/mL. Cultures were washed three times with 
either sucrose-containing medium for control samples or medium lacking sucrose for 
starvation samples. After the third wash, 50-mL of the appropriate medium was added and 
the cells were grown for up to 72 hrs on a rotational shaker using the conditions described 
above. 
Nutrient starvation treatment of whole seedlings 
7-day post germination seedlings grown on solid medium containing sucrose were 
transferred to fresh medium for control samples, or to medium lacking sucrose or nitrogen. 
Control and nitrogen starvation samples were grown in the light under long day conditions, 
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while sucrose starvation samples were grown in darkness. Seedling samples were harvested 
at 0, 2, 4 and 5 days after transfer. 
Monodansylcadaverine (MDC) staining 
Arabidopsis cells were stained with a 0.05 mM final concentration of MDC (Sigma, St. 
Louis, MO) in phosphate-buffered saline (PBS) for 10 minutes (Biederbick et al., 1995). 
When staining protoplasts, PBS was supplemented with 0.4M mannitol. Cells were washed 
with PBS two times to remove excess MDC. Fluorescence of suspension cells was measured 
using a Hitachi F-2000 fluorescence spectrophotometer, with an excitation wavelength of 
335nm and an emission wavelength of 508nm. The intensity of MDC-staining was 
expressed in relative fluorescence per gram of fresh weight, as a percentage of the 0-hr 
control. Seedlings were stained by immersion in 0.05mM MDC in PBS for 10 minutes, 
followed by two PBS washes. All samples were kept on ice in the dark after staining. For 
ammonium chloride treatment, cells were preincubated with 50 mM ammonium chloride for 
20 mins at room temperature, washed twice with PBS, and stained with MDC as above. 
Preparation of protoplasts 
Protoplasts were prepared from suspension cells (5 days after subculture) or leaf tissue (4 
weeks post germination) by digestion with cellulase (0.3% for cells, 1% for leaf) and 
macerozyme (0.15% for cells, 0.2% for leaf; Yakult Pharmaceutical, Osaka, Japan; Sheen, 
2002). Protoplasts were strained through 70 pm Nylon Mesh (Carolina Biological Supplies, 
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Burlington, NC). Starvation was induced by incubating protoplasts for 48 hours in MS 
Medium lacking sucrose, but supplemented with 0.4 M mannitol to maintain isoosmotic 
conditions. Control samples were grown in MS medium containing sucrose. 
Senescence induction of detached leaves 
The first and second true leaves of 14-day post germination seedlings grown on MS plates 
were detached. The leaves were placed onto filter paper infused with 3mM MES (pH 5.7) 
and incubated in the dark for up to two days (Weaver et al., 1998). Protoplasts were then 
isolated from the senescing leaves and stained with MDC. 
Total RNA isolation, RT-PCR and northern blot analyses 
Suspension cell and seedling samples were collected, the medium was removed from the 
cells, and the samples were stored at -80° C until RNA extractions were performed. Total 
RNA was isolated using a TRIzol extraction method 
(http://www.science.siu.edu/plantbiology/PLB420/DNA.Techniques/TRIzol.method.html). 
Northern blot analyses were performed using a probe consisting of a radiolabeled cDNA 
fragment corresponding to AtATG8e (At2g45170). Hybridization was performed using the 
manufacturer's protocol for UltraHyb solution at high stringency (Ambion, Austin, TX). 
RT-PCR was performed using the following AtATG8e-specific primers (5'-
AGATCTATGAATAAAGGAAGCATCTTT- 3' and 5'-
TCT AG ATT AG ATT G A AG AAGC AAC G A A -3'). 
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Transient transformation with GFP-AtATG8e 
GFP-fusion constructs were made using a modified pJ4GFP-XB Vector (Igarashi et al., 
2001) in which the multiple cloning site of the vector was altered to produce N-terminal GFP 
fusions, instead of C-terminal fusions. The original GFP was replaced with a modified GFP 
fragment containing a multiple cloning site immediately prior to the stop codon, obtained by 
PGR using the primers 5 ' -GGATCCATGGTGAGCAAGGGCGAGGAGCTGTTCA-3 » and 
5'-GAGCTCTAGTCTAGAAGCTTAGATCTCTTGTACAGCTCGTCCATGCCGTG-3'. 
An AtATG8e (At2g45170) cDNA was synthesized by RT-PCR from total RNA from 
suspension cells that had been sucrose-starved for 48 hours, using gene-specific primers 5'-
AGATCTATGAATAAAGGAAGCATCTTT-3» and 5'-
TCTAGATTAGATTGAAGAAGCACCGAA-3 The cDNA was sequenced for verification 
and ligated into the modified pJ4GFP-XB vector. Protoplasts were transformed using 20(j,g 
of plasmid DNA, according to Sheen (2002). Cells were transferred to control or starvation 
medium, and were incubated at room temperature, in darkness for 48 hours, with 40 rpm 
orbital shaking. Cells were then stained with MDC and visualized using UV-fluorescence 
microscopy. 
Detection of GFP by immunoblotting 
The pJ4GFP-AtATG8e construct or pJ4GFP construct alone were used to transform 
Arabidopsis suspension cell protoplasts. Protoplasts were starved in medium lacking sucrose 
for 48 hours, or in sucrose-containing medium as a control, and protein was extracted from 
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the transformed cells using cold 0.1M Tris-HCl (pH 7.5), 0.3M sucrose, 1mm EDTA, 
followed by filtration through cheesecloth. Extracted protein was centrifuged at 125,000g to 
separate soluble and\ insoluble proteins, and both fractions were separated by SDS-PAGE and 
transferred to nitrocellulose membrane. Rabbit anti-GFP antibodies (Invitrogen, Carlsbad, 
CA) were used to detect the GFP-AtATG8e present in each fraction. 
Alternatively, protoplasts expressing GFP-AtATG8e were incubated for 48 hours in the 
presence or absence of sucrose and protein was extracted by grinding in cold PBS, 1 mM 
EDTA, 0.1% PMSF. Sucrose was added to each sample to a final concentration of 20% 
(w/v), and 0.5-mL of each sample was loaded onto a 1-mL layer of 25% sucrose in PBS, 1 
mM EDTA, overlaying a 60% sucrose cushion. The samples were centrifuged for 2 hours at 
95,000 g at 4°C. 0.6-mL fractions were taken from the top of the sucrose gradient, 
corresponding to the load, 25% sucrose layer, and 60% sucrose interface. Protein was 
precipitated from each fraction using trichloroacetic acid and analysed by immunoblotting 
using GFP antibodies as above. 
Visualization of MDC-stained and GFP-labeled autophagosomes 
Both MDC and GFP were visualized in vivo using a Zeiss Axioplan II compound microscope 
equipped with AxioCam HRC digital imaging system (Carl Zeiss Inc., Gôttingen, Germany), 
for both light and UV-fluorescence microscopy. MDC-stained suspension cells, protoplasts 
and tissues were visualized using a DAPI-specific filter, while GFP-AtATG8e-transformed 
protoplasts were visualized using a FITC-specific filter. GFP/MDC colocalization was 
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confirmed using a DAPI/TRITC/FITC filter. The two images were allocated false green 
(FITC) and red (DAPI) colors. Image stacks were processed using Adobe Photoshop 6.0 
(Adobe Systems, Mountain View, CA). Rate of autophagosome movement was determined 
using Zeiss Axiovision version 3.0 software. 
FM4-64 staining of protoplasts 
Protoplasts prepared from suspension cells were transiently transformed with GFP-AtATG8e 
and starved for 48 hours to induce autophagy. Protoplasts were incubated for 20 minutes at 
room temperature with a 40 (ig/mL solution of FM4-64 in MS starvation medium. They were 
washed 3 times with the same medium, followed by incubation at room temperature for 6 
hours with shaking. Confocal microscopy was performed with a Leica TCS/NT confocal 
microscope (Leica Microsystems Exton, PA) fitted with a 100 mW argon ion laser (488nm 
excitation), a 25 mW Krypton laser (568 nm excitation) and tunable emission wavelength 
collection. A lOOx Leica oil immersion objective was used throughout. 
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Figure 2.1. Monodansylcadaverine staining of Arabidopsis suspension cells5. 
(a) Arabidopsis suspension cells sucrose-starved for 0, 24, 48 and 72 hours, and non-starved 
controls, were stained with MDC and analyzed by fluorescence microscopy. Scale bar = 25 
|j,m. (b) The percentage of cells with MDC-stained structures was determined for suspension 
cells that had been sucrose-starved for 0, 24, 48 and 72 hours. The experiment was repeated 
three times, with 100 cells counted for each replicate. Error bars represent standard error, (c) 
Suspension cells were sucrose-starved for up to 72 hours, incubated with 50 mM ammonium 
chloride for 20 mins, and stained with MDC. The number of MDC-stained structures visible 
per cell cross-section was determined, averaging 30 to 50 cells per sample. White bars 
indicate ammonium chloride-treated samples, grey bars indicate control (no ammonium 
chloride) samples, (d) Suspension cells that had been sucrose-starved for 0, 24, 48 and 72 
hours were stained with MDC. Fluorescence of suspension cells was measured using a 
Hitachi F-2000 fluorescence spectrophotometer, with an excitation wavelength of 335nm and 
an emission wavelength of 508nm. The intensity of MDC-staining was expressed in relative 
fluorescence per gram of fresh weight, compared with the 0-hr control. Error bars represent 
standard error. 
5 This experiment was conducted by Anthony L. Contento 
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Figure 2.2. Characterization of AtATG8e during starvation. 
(a) Total RNA was extracted from suspension cells that had been sucrose-starved for 0,24 
and 48 hours and from non-starved cells 48-hours after transfer to sucrose-containing 
medium. RT-PCR was performed using primers specific for AtATG8e. Products were 
visualized on an agarose gel stained with ethidium bromide, (b) Northern blot 
hybridizations were performed using RNA samples as above and an ^MTGSe-specific probe, 
(c) Arabidopsis seedlings were grown on nutrient-rich control medium for 0 and 4 days, 
grown on medium lacking nitrogen for 2 and 4 days, or grown on medium lacking sucrose in 
the dark for 2 and 4 days. Total RNA was extracted and analyzed by northern blotting using 
an At A 7GSe-specific probe, (d) Protoplasts from Arabidopsis suspension cells expressing 
either a GFP-AtATG8e fusion protein or GFP alone were lysed and separated into soluble 
and insoluble fractions. The distribution of GFP and GFP-AtATG8e between the fractions 
was determined by immunoblot analysis using anti-GFP antibodies, (e) Protoplasts from 
Arabidopsis suspension cells expressing a GFP-AtATG8e were incubated for 2 days in the 
presence (+suc) or absence (-sue) of sucrose, lysed, loaded onto a 25% sucrose step on top of 
a 60% sucrose cushion, and centrifuged at 95,000 g for 2 hrs. Fractions were analyzed by 
immunoblotting using GFP antibodies. Lane 1, load; lane 2, 25% sucrose step; lane 3, 60% 
sucrose cushion interface. 
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Figure 2.3. Colocalization of MDC-staining and GFP-AtATG8e in Arabidopsis protoplasts, 
(a) Suspension cell protoplasts expressing GFP-AtATG8e were grown in sucrose-containing 
medium for 48 hours and visualized by fluorescence microscopy, (b) Suspension cell 
protoplasts expressing GFP-AtATG8e were incubated in sucrose starvation medium for 48 
hours, (c) Non-transformed suspension cell protoplasts were incubated in sucrose starvation 
medium for 48 hours and stained with MDC. (d) Suspension cell protoplasts expressing 
GFP-AtATG8e were incubated in sucrose starvation medium for 48 hours followed by 
staining with MDC. The merged image shows co-localization of the fluorescent signals, (e) 
Leaf protoplasts expressing GFP-AtATG8e were incubated in sucrose starvation medium for 
48 hours and stained with MDC. The merged image shows co-localization of the fluorescent 
signals, (f) Suspension cell protoplasts expressing GFP-AtATG8e were starved for 48 hours 
followed by staining with FM4-64 for 6 hours to label the tonoplast. The merged image 
shows the presence of an autophagosome inside the vacuole. Arrows indicate 
autophagosomes (GFP and merged panels) or tonoplast (FM4-64 panel), (g) Suspension cell 
protoplasts expressing GFP-AtATG8e were starved for 48 hours followed by incubation with 
FM4-64 for 6 hours on ice. Arrows indicate autophagosomes (GFP panel) or FM4-64-labeled 
plasma membrane (FM4-64 panel). Scale bars = 25 |im for all panels. 
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Figure 2.4. MDC staining in Arabidopsis roots §. 
Seven-day-old Arabidopsis seedlings were subjected to sucrose starvation in the dark for up 
to 5 days. Starved seedlings or non-starved controls were stained with MDC and roots were 
analyzed by fluorescence microscopy. Scale bar = 50 jjm. 
§ This experiment was conducted by Anthony L. Contento 
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Figure 2.5. MDC staining of senescent Arabidopsis protoplasts. 
Detached Arabidopsis leaves were incubated in the dark for 0, 1 and 2 days to initiate 
senescence and protoplasts were isolated from this senescing tissue. Protoplasts were stained 
with MDC and analyzed by fluorescence microscopy. Scale bar = 25 |im. 
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CHAPTER 3 
ATATG18A IS REQIRED FOR THE FORMATION OF AUTOPHAGOSOMES 
DURING NUTRIENT STRESS AND SENESCENCE IN ARABIDOPSIS THALIANA 
A paper published in Plant Journal* 
Yan Xiong, Anthony L. Contento and Diane C. Bassham* 
Department of Genetics, Development and Cell Biology (Y.X., A.L.C., D.C.B.), Plant 
Sciences Institute (A.L.C., D.C.B.) and Interdepartmental Plant Physiology Program (Y.X., 
D.C.B.), 353 Bessey Hall, Iowa State University, Ames, IA 50011, USA. 
3.1. Summary 
Vacuolar autophagy is a major pathway by which eukaryotic cells degrade macromolecules, 
either to remove damaged or unnecessary proteins, or to produce respiratory substrates and 
raw materials to survive periods of nutrient deficiency. During autophagy, a double 
membrane forms around cytoplasmic components to generate an autophagosome, which is 
transported to the vacuole. The outer membrane fuses with the vacuole or lysosome, and the 
inner membrane and its contents are degraded by vacuolar or lysosomal hydrolases. We have 
identified a small gene family in Arabidopsis thaliana, members of which show sequence 
similarity to the yeast autophagy gene ATG18. Members of the AtATG18 gene family are 
differentially expressed in response to different growth conditions, and one member of this 
* Reprinted with permission of Plant Journal, 2005, 42, 535-546. 
* Author for correspondence 
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family, AtATG18a, is induced both during sucrose and nitrogen starvation and during 
senescence. RNA interference (RNAi) was used to generate transgenic lines with reduced 
AtATG18a expression. These lines show hypersensitivity to sucrose and nitrogen starvation 
and premature senescence, both during natural senescence of leaves and in a detached leaf 
assay. Staining with the autophagosome-specific fluorescent dye monodansylcadaverine 
revealed that, unlike wild-type plants, AtATG18a RNAi plants are unable to produce 
autophagosomes in response to starvation or senescence conditions. We conclude that the 
AtATGlSa protein is likely to be required for autophagosome formation in Arabidopsis. 
3.2. Introduction 
The vacuole (or lysosome) is a major site of macromolecule degradation in eukaryotes, and 
contains a variety of hydrolases for this purpose. Substrates for vacuolar degradation are 
taken up into the vacuole from the cytoplasm by autophagy, a pathway that is usually non­
selective and is able to sequester large quantities of cytoplasm for degradation, including 
entire organelles (Klionsky and Ohsumi, 1999). Autophagy is required for responses to 
nutrient deficiency, heat shock, and other environmental stresses, as well as normal 
development of some organisms (Klionsky, 2004). Several stages can be distinguished in the 
breakdown of an organelle or portion of cytoplasm by autophagy. First, the cytoplasm to be 
degraded is surrounded by a double membrane and thus segregated away from the bulk 
cytosol to form an autophagosome. Second, the autophagosome is delivered to the vacuole, 
and its contents are deposited inside the vacuole lumen, either by fusion of the outer 
autophagosome membrane with that of the vacuole, or by engulfment of the autophagosome 
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by the vacuole. Finally, the inner autophagosomal membrane and cytoplasmic components 
are degraded by vacuolar enzymes. 
Morphological studies have demonstrated the presence of an autophagy pathway for uptake 
of components by plant vacuoles. It can be observed most easily by light and electron 
microscopy when plant cells are exposed to nutrient-limiting conditions, such as in 
suspension-cultured cells in the absence of sucrose (Chen et al., 1994; Aubert et al., 1996; 
Moriyasu and Ohsumi, 1996; Contento et al., 2004). While nutrient starvation causes very 
extensive autophagy, autophagy also occurs in the absence of stress conditions during 
specific developmental stages. For example, autophagosomes accumulate during embryo 
development in an Arabidopsis mutant defective in vacuole biogenesis, and thus unable to 
degrade the autophagosomes normally (Rojo et al., 2001). In some species, such as wheat, 
storage proteins are delivered to the vacuole by a mechanism that resembles autophagy 
(Levanony et al., 1992). Non-selective autophagy may also play a role in senescing tissue, 
where organelles and cytosolic components are degraded to recycle their constituents for use 
elsewhere in the plant (Matile, 1997). 
Genetic studies in yeast have led to the isolation of a number of genes that are required for 
autophagy (Tsukada and Ohsumi, 1993; Thumm et al., 1994; Harding et al., 1995), and have 
provided insight into the mechanism of autophagosome formation. Yeast possesses two 
related autophagy pathways, a regulated pathway induced by nutrient starvation, and the 
cytoplasm-to-vacuole transport (Cvt) pathway, a constitutive autophagy pathway that 
delivers certain newly-synthesized vacuolar enzymes to the vacuole. These two pathways 
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share many components, and the majority of yeast autophagy mutants are defective in both 
pathways (Scott et al., 1996). A protein kinase complex, the Atgl complex, is thought to 
control the transition from the Cvt pathway to the autophagy pathway during starvation 
(Scott et al., 2000). Autophagosome formation requires the activity of a phosphatidylinositol-
3 kinase complex and two unusual ubiquitin-related protein conjugation systems. An Atgl2-
Atg5 conjugate is required for autophagosome formation (Mizushima et al., 1998) and 
associates with the pre-autophagosomal structure (PAS; Suzuki et al., 2001), a structure from 
which autophagosomes may originate. In addition, Atg8 is conjugated to 
phosphatidylethanolamine and localizes to autophagosomes themselves (Abeliovich et al., 
2000), possibly regulating their expansion. Autophagosomes are then transported to and fuse 
with the vacuole, in a reaction that depends on components of the vacuolar fusion machinery 
(Ishihara et ai, 2001). 
Homologs of many of these yeast autophagy genes are present in multicellular eukaryotes 
(Yoshimori and Mizushima, 2004). Two reports have demonstrated that Arabidopsis genes 
with sequence similarity to yeast autophagy genes are likely to function in autophagy. 
Doelling et al. (2002) identified an Arabidopsis knockout mutant with a T-DNA insertion in 
an. Arabidopsis ATG7- like gene. Yeast Atg7 is an El-like enzyme that functions in the 
protein conjugation reaction for both Atgl2 and Atg8 (Mizushima et al., 1998). This 
conjugation process in turn is required for the formation of autophagosomes, and thus a yeast 
atg7 mutant is defective in autophagy. Likewise, Hanaoka et al. (2002) isolated an 
Arabidopsis mutant in an ATG9- like gene, again based on homology to the yeast ATG9 
gene, which encodes an integral membrane protein required for autophagosome formation 
(Lang et al., 2000; Noda et al., 2000). Both the atg7 and atg9 Arabidopsis knockout mutants 
were unable to survive under nutrient-deficient growth conditions, and showed early 
senescence phenotypes, indicating that the function of these genes contributes both to 
nutrient stress responses and to regulation of senescence. This is indicative of a function in 
autophagy, although this has not been assayed directly. In addition, a mutation in AtVTI12, 
which encodes a vesicle fusion protein, causes similar phenotypes, and AtVTI12 may be 
required for fusion of autophagosomes with the vacuole (Surpin et al., 2003). 
The yeast ATG18 gene is required for both starvation-induced autophagy and the Cvt 
pathway, apparently at an early stage in autophagosome formation, as atgl 8 mutants are 
unable to accumulate autophagosomes in response to starvation (Barth et al., 2001; Guan et 
al., 2001). The Atgl 8 protein contains two WD-40 domains and has been predicted to form a 
(3-propeller structure that binds phosphatidylinositol 3,5-bisphosphate (Dove et al., 2004) or 
phosphatidylinositol 5-phosphate (Stromhaug et al., 2004). Atgl8 is associated with the 
vacuolar surface or with membrane structures close to the vacuole (Barth et al., 2001; Guan 
et al., 2001; Dove et al., 2004), and is involved in recycling of proteins from the vacuole 
(Dove et al., 2004) and Atg9 localization (Reggiori et al., 2004). Interestingly, unlike other 
identified proteins involved in autophagy, yeast contains two additional proteins with 
sequence similarity to Atgl 8. Atg21 is required for the Cvt pathway, but not for regulated 
autophagy, and shows a similar subcellular localization to Atgl 8 (Barth et al., 2002; Meiling-
Wesse et al., 2004). The third ORF, YGR223c, is of unknown function (Georgakopoulos et 
al., 2001; Barth et al., 2002), but shows a similar localization to and genetic interactions with 
65 
ATG18 and ATG21 (Stromhaug et al., 2004). Therefore, these three similar yeast genes 
appear to have related, but not redundant, functions in autophagy. 
Previous research into the potential function of Arabidopsis genes in autophagy has focused 
on single genes, rather than gene families (Doelling et al., 2002; Hanaoka et al., 2002). A 
comparison of the sequence of yeast ATG18 with the Arabidopsis genome sequence revealed 
the existence of multiple Arabidopsis ATG18-like genes (Barth et al., 2001). The presence of 
a small gene family may indicate functional specialization of ATG18-like proteins in 
Arabidopsis, for example in different stages of the autophagy process, during different stages 
of development, or under different growth conditions. We now show that the eight members 
of this family are differentially expressed under various conditions, and that one member is 
potentially required for the formation of autophagosomes both during nutrient stress and 
senescence. 
3.3. Results 
AtATGISs are potential WD-40 repeat proteins folded as seven-bladed ^-propellers 
BLAST searches (Altschul et al., 1990) of the Arabidopsis genome revealed eight potential 
encoded proteins related to Atgl 8, named AtATG18a to AtATG18h (see Experimental 
Procedures for accession numbers). Sequence comparisons of the full length proteins 
revealed that the predicted Arabidopsis proteins shared between 39% (AtATG18b) and 21% 
(AtATGlSg) amino acid identity with yeast Atgl 8 (50% to 30% similarity respectively, 
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allowing for conservative substitutions). Based on phylogenetic analysis (Figure 3.1a), these 
eight predicted proteins appear to form three major subgroups: AtATGlSa, c, d and e cluster 
with the yeast protein Ygr223c, AtATGlSb is most similar to Atgl8 itself, and AtATG18f, g 
and h are more divergent, forming a separate clade. None of the Arabidopsis proteins appear 
closely related to the yeast Cvt pathway-specific protein Atg21. To determine whether the 
clustering of Arabidopsis genes with yeast Ygr223c or Atgl 8 is statistically significant, the 
maximum likelihood tree was compared with all possible tree topologies containing the three 
yeast sequences constrained into a single clade. Approximately unbiased analysis indicated 
that the maximum likelihood tree was significantly more likely than the best constrained tree 
(p=0.996). 
Sequence analysis with Pfam (Bateman et al., 2004) indicates that all AtATG18 genes are 
predicted to encode proteins with 1 to 3 WD-40 repeats; the numbers and locations of WD-
40 domains in the AtATG18s, compared with the yeast proteins, are shown in Figure 3.1b. 
All of the AtATG18 proteins are predicted by the 3D-PSSM fold recognition server (Kelley 
et al., 2000; http ://www.sbg.bio.ic.ac.uk/~3dpssm/1 to fold as seven-bladed ^-propellers with 
high similarity scores when compared with known seven-bladed propeller proteins 
(transducin (3-subunit and the C-terminal domain of Tup 1). No other conserved functional 
domains were identified in any of the predicted Arabidopsis proteins. 
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Expression pattern of AtATGISs 
To determine whether all AtATG18 genes have detectable transcript levels, and identify the 
organs where the genes are expressed, specific primers for each of the AtATG18s were 
designed and RT-PCR was performed using RNA from root, leaf, inflorescence stem and 
flower. Seven of the AtATG18 transcripts were detected in all or some of the organs tested 
(Figure 3.2a), with AtATG18a, b, c and d transcripts detected in all organs, and AtATG18f g 
and h having a more restricted expression pattern. AtATG18e was not detectable in any organ 
or under any of the conditions tested. 
Based on morphological analyses (Aubert et al., 1996; Moriyasu and Ohsumi 1996) and 
mutant phenotypes (Doelling et al., 2002; Hanaoka et al., 2002) autophagy is thought to 
function in nutrient deprivation and senescence in plants. To investigate the expression 
pattern of the AtATG18 genes during nutrient deprivation, RT-PCR was performed using 
RNA from seedlings starved for sucrose or nitrogen. Four genes, AtATG18a,f g and h 
showed an increase in transcript level in both sucrose and nitrogen starvation conditions 
(Figure 3.2b) whereas the others show no change under these conditions. 
To investigate the gene expression pattern during senescence, detached leaf assays were 
performed. First and second true leaves from two-week-old seedlings were detached and 
incubated in the dark for up to 48 hours, and RNA isolated. RT-PCR revealed only one gene, 
AtATG18a, whose transcript level increases during this artificial senescence process (Figure 
3.2c). AtSENl and AtYSL4, two senescence-associated genes (Hanaoka et al., 2002), were 
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used as senescence expression controls. Comparing the expression pattern of the AtATG18 
genes during starvation and senescence, only AtATGl8a is up-regulated in both conditions, 
suggesting that AtATGl8a may have an important role in these two conditions. We therefore 
decided to focus initially on the functional analysis of this member of the gene family. 
Generation of AtATGl 8a RNAi transgenic plants 
To investigate the physiological role of AtATGl 8a in Arabidopsis, RNA interference (RNAi) 
was used to generate transgenic plants with a reduced AtATGl8a expression level. 
Arabidopsis thaliana plants were transformed (Clough and Bent, 1998) with an RNAi 
construct consisting of an inverted repeat of a unique 500 bp region of the AtATGl8a gene, 
with a portion of the GUS gene as a linker (Chuang and Meyerowitz, 2000), driven by the 
Cauliflower mosaic virus 35S promoter. Transformants were screened by RT-PCR for 
AtATGl8a transcript levels, and three RNAi lines with reduced AtATGl8a transcript level 
were identified. The reduction in AtATG18a transcript level was gene-specific, as the other 
AtATG18s transcript levels were unchanged compared with those of wild-type (wt) plants 
(Figure 3.3). 
AtATGl 8a RNAi plants are more sensitive to nutrient deprivation conditions 
To investigate the role of AtATGl 8a during nutrient starvation, growth of the AtATGl 8a 
RNAi lines was compared with wt plants under nitrogen or sucrose starvation conditions. For 
nitrogen starvation, 7-d-old seedlings grown on nutrient Murashige and Skoog (MS) solid 
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medium were transferred to nitrogen-depleted MS solid medium and incubated in long day 
light conditions. After 10 days of nitrogen starvation, the AtATG18a RNAi seedlings began 
to lose their green color and accumulate anthocyanins, whereas wt seedlings remained green 
(Figure 3.4a). After 20 days, the AtATG18a RNAi seedlings were brown, compared to the wt 
seedlings that retained some chlorophyll. Growth under carbon-starvation conditions was 
also analyzed. For carbon starvation, 7-d-old seedlings grown on nutrient MS solid medium 
were transferred to MS solid medium without sucrose and incubated in 24-h dark conditions. 
RNAi seedlings were hypersensitive to carbon starvation, as chlorosis was observed earlier in 
all three AtATG18a RNAi lines compared with wt seedlings (Figure 3.4c). After 20 days, the 
cotyledons of AtATGl8a RNAi seedlings were yellow whereas wt cotyledons retained a pale 
green color. 
To further confirm the observed phenotype, the chlorophyll content of wt and RNAi 
seedlings was analyzed throughout the nitrogen and sucrose starvation time courses. Total 
chlorophyll per g fresh weight of tissue was calculated according to Chapman (1988) and 
expressed as a percentage of the original chlorophyll content at 0 days. The chlorophyll 
content of AtATGl 8a RNAi plants decreased more rapidly during both nitrogen and carbon 
starvation compared with wt plants (Figure 3.4b and 3.4d). These results indicate that 
AtATGl8a RNAi transgenic plants are more sensitive to nutrient deprivation conditions, and 
therefore AtATGl8a may function in the response of plants to starvation. 
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Natural senescence and detached leaf senescence are accelerated in AtATGl8a RNAi 
plants 
Under normal nutrient medium and soil conditions, the AtATGl8a RNAi plants did not 
exhibit any differences compared with wild-type plants in rate or efficiency of seed 
germination, elongation of the root system, seedling development or flowering time (data not 
shown). However, after bolting, the rosette leaves of AtATGl 8a RNAi plants senesced faster 
than wt plant rosette leaves (Figure 3.5 a). Rosette leaves of RNAi plants were 
indistinguishable from wt rosette leaves at 30 days after germination. At 45 days, the rosette 
leaves of AtATGl 8a RNAi plants began to turn yellow, whereas wt leaves did not begin to 
senesce until around 60 days. After 75 days, most of RNAi plant rosette leaves had senesced 
and were brown, whereas most of the wt rosette leaves remained green. 
To better understand the role of AtATGl 8a during leaf senescence, a detached leaf assay was 
used (Weaver et al., 1998). The first and second true leaves of two-week-old wt and 
AtATGl8a RNAi seedlings, grown on nutrient rich MS medium, were detached and 
incubated in the dark. Leaves from each of the RNAi lines displayed accelerated senescence 
when compared with wt leaves, demonstrated by the visible loss of chlorophyll (Figure 3.5b). 
The expression of two Arabidopsis leaf senescence marker genes, AtSENl and AtYSL4, were 
also examined during the detached leaf assay time course by RT-PCR (Figure 3.5c). For both 
genes, an increase in expression was observed earlier in the RNAi leaves than in wt leaves, 
with AtSENl increasing after 12 hrs in the RNAi lines compared with 24 hrs in the control. 
AtYSL4 was apparently already expressed at high levels in the RNAi lines, even at the 0 hr 
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time point, when compared with wt plants. This provides a molecular confirmation of the 
early senescence phenotype observed. 
Autophagosome formation is disrupted in AtATGl 8a RNAi plants 
In yeast, Atgl8 is proposed to be required for autophagosome formation (Barth et al, 2001). 
Monodansylcadaverine (MDC) is a fluorescent drug that specifically stains autophagosomes 
in animals (Munafo and Colombo, 2001) and Arabidopsis (Contento et al., 2005). To 
investigate whether AtATGl 8a is required for autophagosome formation in Arabidopsis, 1 
day old wt and AtATGl8a RNAi seedlings were transferred to nitrogen or sucrose starvation 
conditions for 5 days, and then stained with MDC. Numerous moving MDC-stained 
autophagosomes accumulated in wt root cells during starvation, observed by fluorescence 
microscopy. This accumulation was disrupted in AtATGl8a RNAi root cells (Figure 3.6), 
with no autophagosomes visible after either nitrogen or sucrose starvation. 
To confirm that the lack of labeled structures in the RNAi lines is due to a loss of 
autophagosomes, rather than a change in their structure that prevents MDC staining, 
protoplasts from wt and RNAi plants were transformed with GFP-AtATG8e and starved for 
2 days. Numerous motile GFP-labeled autophagosomes were seen in wt protoplasts, whereas 
only diffuse labeling was seen in the RNAi protoplasts (Figure 3.7), similar to that seen in wt 
protoplasts prior to starvation (Contento et al., 2005). We conclude that loss of AtATGl 8a 
prevents autophagosome formation during starvation. 
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To determine the role of AtATGl 8a during senescence, protoplasts were prepared from wt 
and RNAi detached leaves after 3 days of dark incubation, and then stained with MDC 
(Figure 3.8). Whereas MDC-staining autophagosomes were abundant in the wt protoplasts, 
very few were seen in the AtATGl8a RNAi protoplasts, indicating that senescence-induced 
autophagy also requires AtATGl 8a. These data imply that AtATGl 8a is required for 
autophagosome formation in Arabidopsis during nutrient stress and senescence, and further 
indicate that the phenotypes of hypersensitivity to nutrient deprivation and early senescence 
are caused by defects in normal autophagy function. 
3.4. Discussion 
Autophagy is a key process in the breakdown of cytoplasmic components for survival during 
environmental stresses, and for cellular remodeling during development. We have identified 
a family of eight Arabidopsis genes that show sequence similarity to yeast ATG18, and 
demonstrated that at least one of these genes, AtATGl8a, functions in autophagy during 
nutrient starvation and senescence. 
AtATG18a was chosen for initial studies because of its unique expression pattern; out of the 
ATG18 Arabidopsis homologs, AtATGl8a was the only gene that displayed increased 
expression both during nitrogen and carbon starvation and during senescence (Figure 3.2). In 
agreement with its expression pattern, a reduction in AtATGl8a RNA level by RNAi caused 
increased sensitivity to nitrogen and carbon starvation and an early senescence phenotype 
(Figures 3.4 and 3.5). These are similar to the phenotypes observed for knockout mutants of 
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other Arabidopsis homologs of yeast autophagy genes, AtATG7 and AtATG9, and appear to 
be typical characteristics of mutants in the autophagy pathway (Doelling et al., 2002; 
Hanaoka et al., 2002). However, a direct correlation between autophagy and whole plant 
phenotypes has not previously been shown. To address this issue, the autophagosome-
specific fluorescent dye MDC was used to stain roots of wt and AtATGl 8a RNAi intact 
seedlings. After nitrogen or carbon starvation, MDC-stained autophagosomes are visible in 
wt roots, whereas AtATG18a RNAi seedlings lack these structures (Figure 3.6). Similar 
results are seen in protoplasts from RNAi leaves during sucrose starvation (Figure 3.7) or 
senescence (Figure 3.8). This suggests that the AtATGl8a protein is required for the proper 
formation of autophagosomes in Arabidopsis, although the stage at which autophagosome 
formation is blocked remains to be determined. Yeast Atgl8 is required for cycling of Atg9 
through the PAS (Reggiori et al., 2004). AtATGl 8a may function in a similar manner to 
ensure correct localization of AtATG9, and thus to allow autophagy to proceed. 
Atgl8 also appears to be required for recycling of membrane proteins from the vacuole to 
endosomes in yeast (Dove et al., 2004), even under non-stressed conditions. A role for 
AtATGl 8a in vacuolar trafficking may be unlikely, as growth and development of 
AtATG18a RNAi plants is relatively normal under nutrient-rich conditions. In contrast, 
unlike in yeast, mutations in vacuolar trafficking components are often lethal in plants (Rojo 
et al., 2001; Sanderfoot et al., 2001; Surpin et al., 2003). It remains possible that one of the 
other Atgl8 homologs in Arabidopsis functions in vacuolar trafficking or membrane 
recycling pathways. AtATG18b, c and d are expressed ubiquitously throughout the plant, and 
their expression level does not change in response to starvation; these genes are therefore 
74 
candidates for a role in a constitutive trafficking pathway. Isolation of knockout mutants in 
these members of the family should allow this possibility to be addressed. 
The Arabidopsis autophagy genes that have been studied previously, AtATG7 and AtATG9, 
are single-copy genes. We are interested in understanding why ATG18 exists as a small gene 
family in Arabidopsis, and the functions of the remaining members of this family. AtATGl 8a 
is not functionally redundant with other members of the family, as the AtATGl 8a RNAi lines 
show a clear phenotype. These lines are specific for a reduction in this member of the family, 
with no effect on expression of the other AtATGl8 genes. Whether other members of the 
gene family share some functional redundancy remains to be seen. We have isolated a T-
DNA insertion mutant in AtATGl8c, but no visible phenotype has been observed, either 
under normal growth conditions, or during sucrose or nitrogen starvation. In addition, MDC-
staining revealed that autophagosome formation proceeds normally in this mutant (Figure 
3.SI), indicating that this function is specific to the AtATGl8a protein. AtATG18c is very 
closely related to AtATGl8d, and it is possible that AtATGl 8d can compensate for the loss of 
AtATGl 8c in the knockout mutant. Isolation of an Atatgl8d mutant, and generation of the 
Atatgl8c/Atatgl8d double mutant should allow this to be resolved. 
Sequence comparisons indicate that AtATGl 8a, along with c, d and e, is in fact more closely 
related to the yeast Atgl8 homolog Ygr223c than to Atgl8 itself. Ygr223c shares some 
properties with Atgl8 and Atg21, including lipid-binding and subcellular localization (Dove 
et al., 2004; Stromhaug et al., 2004), but its function is not yet known. None of the 
Arabidopsis genes appear closely related to Atg21 ; this is not entirely unexpected, as in 
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yeast, Atg21 is required only for the Cvt pathway, and not for starvation-induced autophagy 
(Barth et al., 2002; Meiling- Wesse et al., 2004; Stromhaug et al., 2004). There is no 
evidence for the existence of a Cvt pathway in multicellular organisms, and the presence of 
Atg21 may therefore be an adaptation specific to yeast for this unusual trafficking pathway. 
It is interesting that, of all of the AtATGl 8 genes, only AtATGl 8a is upregulated during 
senescence (Figure 3.2c). This could indicate that only this member of the family is involved 
in the senescence process. However, care should be taken when drawing conclusions from 
expression data alone. It should be noted that in yeast, many of the proteins required for 
autophagy are constitutively expressed under normal growth conditions; only a few, such as 
Atg8, are induced by starvation (Kirisako et al., 1999). Further analysis is therefore needed to 
determine whether any other AtATGl8 genes also function during senescence. 
Three of the Arabidopsis genes, AtATGl8f g and h, cluster together in the phylogenetic tree 
and are unusual in that the predicted proteins are much larger than either yeast AtglS or the 
other Arabidopsis homologs (Figure 3.1). While these proteins are more closely related to 
AtglS than to any other yeast protein, it is not clear whether they are functionally related to 
AtglS, or whether they have an alternative function. However, they are all upregulated 
during nutrient starvation, and therefore may potentially have a role in the response to these 
stress conditions. In addition, all three genes increase in expression when exposed to other 
abiotic stresses, AtATG18g under drought conditions and AtATGl8f and h in response to a 
combination of heat and drought stress (Rizhsky et al., 2004), introducing the intriguing 
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possibility that different members of the family may be required during different stress 
conditions. 
In conclusion, we have identified a family of ^7G7S-related genes from Arabidopsis that are 
differentially regulated during development and environmental stresses. One member of this 
family, AtATGl8a, is required for the formation of autophagosomes during starvation and 
senescence. The functions of the remaining members of the family are currently being 
investigated through a detailed analysis of gene expression under different conditions, 
including additional abiotic and biotic stresses, and determination of the subcellular 
localization of the encoded proteins. The isolation and phenotypic characterization of 
knockout mutants or RNAi lines defective in one or a combination of the AtATGl 8 genes 
will allow their specific functions in stress responses and membrane trafficking processes to 
be elucidated. 
3.5. Experimental Procedures 
Plant materials and growth conditions 
Arabidopsis thaliana plants were grown under long day conditions (16 hrs light) at 22°C. 
Seeds were surface-sterilized in 33% bleach and 0.1% Triton X-100 solution for 20 minutes 
followed by cold treatment for at least 2 days. 
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For nitrogen starvation experiments, one-week-old seedlings grown on nutrient solid MS 
medium (Murashige-Skoog Vitamin and Salt Mixture (Gibco BRL, Gaithersburg, MD), 1% 
sucrose, 2.4mM MES (pH 5.7) and 0.8% phytagar) were transferred to nitrogen-depleted MS 
solid medium as described by Doelling et al. (2002) and incubated under long day 
conditions. For sucrose starvation experiments, one-week-old seedlings grown on nutrient 
solid MS medium were transferred to MS solid medium without sucrose and incubated in the 
dark. 
For the detached leaf assay, first and second true leaves from two-week-old seedlings grown 
on nutrient solid MS medium were excised and incubated on 3MM paper wetted with 3mM 
MES (pH 5.7) in the dark (Doelling et al., 2002). These leaves were used for phenotypic 
observation, RNA isolation and protoplast isolation after the indicated times. 
Identification of AtATGl 8 genes 
AtATGl8 genes were identified by searching the Arabidopsis genomic database with the 
Saccharomyces cerevisiae AtglS protein sequence using the BLAST algorithm (Altschul et 
al., 1990). Eight AtATGl8s were identified as follows, with the corresponding loci in 
parentheses; AtATGl8a (At3g62770), AtATG18b (At4g30510), AtATGl8c (At2g40810), 
(At3g56440), /KXTGJge (At5g05150), (At5g54730), 
(Atlg03380) and AtATG18h (Atlg54710). 
Phylogenetic analysis 
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The maximum likelihood (ML) tree for our data was identified using the PROML program 
within the Phylip 3.62 package (Felsenstein, 2004), with the JTT matrix of amino acid 
substitutions and eight categories of substitution rates. The ML tree was compared to 
alternative topologies using CODEML (Yang, 1997) and CONSEL (Shimodaira and 
Hasegawa, 2001) programs. Bootstrap values were calculated by ML distance analysis using 
SEQBOOT (Felsenstein, 2004), TREE-PUZZLE 5.2 (Strimmer and von Haeseler, 1996) and 
WEIGHBOR 1.2.1 (Bruno et al., 2000) programs and the PUZZLEBOOT script from Mike 
Holder and Andrew Roger (http://hades.biochem.dal.ca/Rogerlab/Software/software.html). 
ML distances were calculated based on the JTT matrix, observed frequencies of amino-acids, 
gamma distributed rates with 8 categories, and an alpha parameter estimated from the 
dataset. 
RT-PCR analysis of AtATGl 8s, AtSENl and AtYSLA expression 
Total RNA was extracted from each sample using the TRIzol RNA isolation method 
(http://www.arabidopsis.org/info/2010_projects/compjproj/AFGC/RevisedAFGC/site2RnaL. 
htm#isolation) with DNase I treatment, and cDNAs were generated using Superscript II 
reverse transcriptase (Invitrogen) and an oligo dT primer. Primers used for PCR are shown in 
Table 1. 
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Generation of AtATGl 8a RNAi transgenic plants 
According to the strategy described by Chuang and Meyerowitz (2000), gene-specific sense 
and antisense fragments of AtATGl 8a were amplified by RT-PCR using the following 
primers: sense strand f5'-AGCGGATATCCTTAATTGCGATCCCTTTCG-3' and 5'-
TCGCIÇTAGAGATCCGAACCAGAGTACCCTTA-3 '), antisense strand (5'-
AGCGGAATTCCTTAATTGCGATCCCTTTCG-3» and 5'-
ACGCGGATCCGATCCGAACCAGAGTACCCTTA-3'). Suitable restriction enzyme sites 
(EcoRV, Xbal and EcoRI, BamHl, underlined) were introduced in the primer sequences. The 
sense and antisense DNA fragments were linked with a 1 kb spacer coding for a partial 
sequence of GUS. The entire fragment containing sense, spacer and antisense region were 
cloned into the plant T-DNA binary vector pCGN, driven by the Cauliflower Mosaic Virus 
35S promoter. This construct was introduced into Agrobacterium tumefaciens strain GV2260 
by electroporation (Mersereau et al., 1990). 
The RNAi construct was introduced into Arabidopsis thaliana Columbia-0 plants by 
Agrobacterium-mediated transformation using the floral dipping method (Clough and Bent, 
1998). RT-PCR was performed to determine the expression level of each AtATG18 gene in 
these transformants. Homozygous T2 transformant seeds with reduced AtATGl8a mRNA 
level were used for further studies. 
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Isolation of AtATGl 8c insertion mutant 
A T-DNA insertion mutant in the 5'-untranslated region of AtATGl 8c (Salk_009459) was 
obtained from the Arabidopsis Biological Resource Center. Homozygous plants were 
identified by PCR from genomic DNA. Primers used were AtATGl8c gene-specific primers 
LP 5 '-AAG AAA ACGC AGAC ACGT GAA-3 ' and RP 5-CTCTCCTCGATTGAGACCAGG-
3', and T-DNA left border 5'-GCGTGGACCGCTTGCTGCAAC-3' and right border 5'-
CCGGACAGGTCGGTCTTGACAA-3'. Reduction in expression of AtATGl 8c in the mutant 
line was confirmed by RT-PCR using the primers described in Table 1. 
Determination of chlorophyll content 
Seedlings were ground in 80% acetone and the absorbance of the supernatant was measured 
at 663 and 646 nm. Total chlorophyll content per g fresh weight of tissue was calculated 
according to Chapman (1988). 
Staining of protoplasts and seedling roots with MDC or GFP-AtATG8e 
Protoplasts were prepared from detached leaves according to Sheen (2002) and immediately 
stained with 0.05 mM MDC (Sigma, St Louis, MO) in phosphate-buffered saline (PBS) 
supplemented with 0.4 M mannitol for 10 minutes, then washed twice with PBS plus 0.4 M 
mannitol to remove excess MDC. Seedlings were stained by immersion in 0.05 mM MDC in 
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PBS for 10 minutes and washed twice with PBS (Contento et al., 2005). After staining, the 
protoplasts or roots of seedlings were observed using fluorescence microscopy using a D API-
specific filter. Transformation of wild-type and RNAi protoplasts with GFP-AtATG8e was 
performed as described in (Contento et al., 2005). 
3.6. Acknowledgements 
We thank Dr Dennis Lavrov for assistance with the phylogenetic analysis and Drs David 
Oliver and Robert Thomburg for helpful comments on the manuscript. This research was 
supported by the Plant Responses to the Environment Program of the National Research 
Initiative Competitive Grants Program, US Department of Agriculture (grant no. 2002-
35100-12034 to D.C.B.) and by the Iowa State University Plant Sciences Institute. 
3.7. References 
Abeliovich, H., Dunn, W.A.Jr., Kim, J. and Klionsky, D.J. (2000) Dissection of 
autophagosome biogenesis into distinct nucleation and expansion steps. J. Cell Biol., 151, 
1025-1033. 
Altschul, S.F., Gish, W., Miller, W., Myers, E.W. and Lipman, D.J. (1990) Basic local 
alignment search tool. J. Mol. Biol., 215, 403-410. 
Aubert, S., Gout, E., Bligny, R., Marty-Mazars, D., Barrieu, F., Alabouvette, J., Marty, 
F. and Douce, R. (1996) Ultrastructural and biochemical characterization of autophagy in 
higher plant cells subjected to carbon deprivation: control by the supply of mitochondria with 
respiratory substrates. J. Cell Biol., 133, 1251-1263. 
Earth, H., Meiling-Wesse, K., Epple, UD. and Thumm, M. (2001) Autophagy and the 
cytoplasm to vacuole targeting pathway both require AutlOp. FEBSLett., 508, 23-28. 
82 
Earth, H., Meiling-Wesse, K., Epple, U.D. and Thumm, M. (2002) Mailp is essential for 
maturation of proaminopeptidase I but not for autophagy. FEES Lett., 512, 173-179. 
Bateman, A., Coin, L., Durbin, R., Finn, R.D., Hollich, V., Griffiths-Jones, S., Khanna, 
A., Marshall, M., Moxon, S., Sonnhammer, E.L., Studholme, D.J., Yeats, C. and Eddy, 
S R. (2004) The Pfam protein families database. Nucl. Acids Res., 32, 138-141. 
Bruno, W. J., Socci, N. D. and Halpern, A. L. (2000) Weighted neighbor joining: a 
likelihood-based approach to distance-based phylogeny reconstruction. Mol. Biol. 
Evol., 17, 189-197. 
Chapman, D.J. (1988) Qualitative analysis of pigments. In Experimental Phycology: A 
Laboratory Manual (Lobban, C.S., Chapman, D.J. and Kremer, B.P., eds). New York: 
Cambridge University Press, pp. 93-103. 
Chen, M.H., Liu, L.F., Chen, Y.R., Wu, H.K. and Yu, S.M. (1994) Expression of a-
amylases, carbohydrate metabolism and autophagy in cultured rice cells is coordinately 
regulated by sugar nutrient. Plant J., 6, 625-636. 
Chuang, C.F. and Meyerowitz, E.M. (2000) Specific and heritable genetic interference by 
double-stranded RNA in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA, 97, 4985-4990. 
Clough, S.J and Bent, A.F. (1998) Floral dip: a simplified method for Agrobacterium-
mediated transformation of Arabidopsis thaliana. Plant J., 16, 735-743. 
Contento, A.L., Kim, S.J. and Bassham, DC. (2004) Transcriptome profiling of the 
response of Arabidopsis suspension culture cells to sue starvation. Plant Physiol., 135, 2330-
2347. 
Contento, A.L., Xiong, Y. and Bassham, D C. (2005) Visualization of autophagy in 
Arabidopsis using the fluorescent dye monodansylcadaverine and a GFP-AtATG8e fusion 
protein. Plant J., in press. 
Doelling, J.H., Walker, J.M., Friedman, E.M., Thompson, A.R. and Vierstra, R.D. 
(2002) The APG8/12-activating enzyme APG7 is required for proper nutrient recycling and 
senescence in Arabidopsis thaliana. J. Biol. Chem., 277, 33105-33114. 
Dove, S.K., Piper, R.C., McEwen, R.K., Yu, J.W., King, M.C., Hughes, D C., Thuring, 
J., Holmes, A.B., Cooke, F T., Michell, R.H., Parker, P.J. and Lemmon, M.A. (2004) 
Svplp defines a family of phosphatidylinositol 3,5-bisphosphate effectors. EMBO J., 23, 
1922-1933. 
83 
Felsenstein, J. (2002) PHYLIP (Phylogeny Inference Package). Version 3.6.2. 
Seattle: University of Washington. 
Georgakopoulos, T., Koutroubas, G., Vakonakis, I., Tzermia, M., Prokova, V., 
Voutsina, A. and Alexandraki, D. (2001) Functional analysis of the Saccharomyces 
cerevisiae YFR021w/YGR223c/YPL100w ORF family suggests relations to 
mitochondrial/peroxisomal functions and amino acid signalling pathways. Yeast, 18, 1155-
1171. 
Guan, J., Stromhaug, P.E., George, M.D., Habibzadegah-Tari, P., Bevan, A., Dunn, 
W.A. and Klionsky, D.J. (2001) Cvtl8/Gsal2 is required for cytoplasm-to-vacuole 
transport, pexophagy, and autophagy in Saccharomyces cerevisiae and Pichia pastoris. Mol. 
Biol. Cell, 12, 3821-3838. 
Hanaoka, H., Noda, T., Shirano, Y., Kato, T., Hayashi, H., Shibata, D., Tabata, S. and 
Ohsumi, Y. (2002) Leaf senescence and starvation-induced chlorosis are accelerated by the 
disruption of an Arabidopsis autophagy gene. Plant Physiol., 129, 1181-1193. 
Harding, T.M., Morano, K.A., Scott, S.V. and Klionsky, D.J. (1995) Isolation and 
characterization of yeast mutants in the cytoplasm to vacuole protein targeting pathway. J. 
Cell Biol., 131,591-602. 
Ishihara, N., Hamasaki, M., Yokota, S., Suzuki, K., Kamada, Y., Kihara, A., Yoshimori, 
T., Noda, T. and Ohsumi, Y (2001) Autophagosome requires specific early Sec proteins for 
its formation and NSF/SNARE for vacuolar fusion. Mol. Biol. Cell, 12, 3690-3702. 
Kelley, L.A., MacCallum, R.M. and Sternberg, M.J.E. (2000) Enhanced Genome 
Annotation using Structural Profiles in the Program 3D-PSSM. J. Mol. Biol., 299, 499-520. 
Kirisako, T., Baba, M., Ishihara, N., Miyazawa, K., Ohsumi, M., Yoshimori, T., Noda, 
T. and Ohsumi, Y. (1999) Formation process of autophagosome is traced with Apg8/Aut7p 
in yeast. J. Cell Biol., 147, 435-446. 
Klionsky, D.J. (2004) Autophagy: An overview. In Autophagy (Klionsky, D.J., ed). 
Georgetown, TX: Landes Bioscience, pp. 1-10. 
Klionsky, D.J. and Ohsumi, Y. (1999) Vacuolar import of proteins and organelles from the 
cytoplasm. Annu. Rev. Cell Dev. Biol., 15, 1-32. 
Lang, T., Reiche, S., Straub, M., Bredschneider, M. and Thumm, M. (2000) Autophagy 
and the cvt pathway both depend on AUT9. J. Bacteriol., 182, 2125-2133. 
Levanony, H., Rubin, R., Altschuler, Y. and Galili, G. (1992) Evidence for a novel route 
of wheat storage proteins to vacuoles. J. Cell Biol., 119, 1117-1128. 
84 
Matile, P. (1997) The vacuole and cell senescence. Adv. Bot. Res., 25, 87-111. 
Meiling-Wesse, K., Earth, H., Voss, C., Eskelinen, E.L., Epple, U.D. and Thumm, M. 
(2004) Atg21 is required for effective recruitment of Atg8 to the preautophagosomal 
structure during the Cvt pathway. J Biol. Chem., 279, 37741-37750. 
Mersereau, M., Pazour, G.J. and Das, A. (1990) Efficient transformation of 
Agrobacterium tumefaciens by electroporation. Gene, 90, 149-151. 
Mizushima, N., Noda, T., Yoshimori, T., Tanaka, Y., Ishii, T., George, M.D., Klionsky, 
D.J., Ohsumi, M. and Ohsumi, Y. (1998) A protein conjugation system essential for 
autophagy. Nature, 395, 395-398. 
Moriyasu, Y. and Ohsumi, Y. (1996) Autophagy in tobacco suspension-cultured cells in 
response to sucrose starvation. Plant Physiol., Ill, 1233-1241. 
Munafo, D.B. and Colombo, M.I. (2001) A novel assay to study autophagy: regulation of 
autophagosome vacuole size by amino acid deprivation. J. Cell Sci, 114, 3619-3629. 
Noda, T., Kim, J., Huang, W.P., Baba, M., Tokunaga, C., Ohsumi, Y. and Klionsky, 
D.J. (2000) Apg9p/Cvt7p is an integral membrane protein required for transport vesicle 
formation in the Cvt and autophagy pathways. J. Cell Biol., 148, 465-480. 
Reggiori, F., Tucker, K.A., Stromhaug, P.E. and Klionsky, D.J. (2004) The Atgl-Atgl3 
complex regulates Atg9 and Atg23 retrieval transport from the pre-autophagosomal structure. 
Dev. Cell, 6, 79-90. 
Rizhsky, L., Liang, H., Shuman, J., Shulaev, V., Davletova, S. and Mittler, R. (2004) 
When defense pathways collide. The response of Arabidopsis to a combination of drought 
and heat stress. Plant Physiol., 134, 1683-1696. 
Rojo, E., Gillmor, C.S., Kovaleva, V., Somerville, C.R. and Raikhel, N.V. (2001) 
VACUOLELESS1 is an essential gene required for vacuole formation and morphogenesis in 
Arabidopsis. Dev. Cell, 1, 303-310. 
Sanderfoot, A.A., Pilgrim, M., Adam, L. and Raikhel, N.V. (2001) Disruption of 
individual members of Arabidopsis syntaxin gene families indicates each has essential 
functions. Plant Cell, 13, 659-666. 
Scott, S.V., Hefner-Gravink, A., Morano, K.A., Noda, T., Ohsumi, Y. and Klionsky, 
D.J. (1996) Cytoplasm-to-vacuole targeting and autophagy employ the same machinery to 
deliver proteins to the yeast vacuole. Proc. Natl. Acad. Sci. USA, 93, 12304-12308. 
Scott, S.V., Nice, D C., Nau, J.J., Weisman, L.S., Kamada, Y., Keizer-Gunnink, I., 
Funakoshi, T., Veenhuis, M., Ohsumi, Y. and Klionsky, D.J. (2000) Apgl3p and Vac8p 
85 
are part of a complex of phosphoproteins that are required for cytoplasm to vacuole targeting. 
J. Biol. Chem., 275, 25840-25849. 
Sheen, J. (2002) A transient expression assay using Arabidopsis mesophyll protoplasts. 
http://genetics.mgh.harvard.edu/sheenweb/ 
Shimodaira, H. and Hasegawa, M. (2001) CONSEL: for assessing the confidence 
of phylogenetic tree selection. Bioinformatics, 17,1246-1247. 
Strimmer, K. and von Haeseler, A. (1996) Quartet puzzling: A quartet maximum 
likelihood method for reconstructing tree topologies. Mol. Biol. Evol., 13: 964-969. 
Stromhaug, P.E., Reggiori, F., Guan, J., Wang, C.W. and Klionsky, D.J. (2004) Atg21 is 
a phosphoinositide binding protein required for efficient lipidation and localization of Atg8 
during uptake of aminopeptidase I by selective autophagy. Mol. Biol. Cell, 15, 3553-3566. 
Surpin, M., Zheng, H., Morita, M.T., Saito, C., Avila, E., Blakeslee, J.J., 
Bandyopadhyay, A., Kovaleva, V., Carter, D., Murphy, A., Tasaka, M. and Raikhel 
N.V. (2003) The VTI family of SNARE proteins is necessary for plant viability and mediates 
different protein transport pathways. Plant Cell, 15, 2885-2899. 
Suzuki, K., Kirisako, T., Kamada, Y., Mizushima, N., Noda, T. and Ohsumi, Y. (2001) 
The pre-autophagosomal structure organized by concerted functions of APG genes is 
essential for autophagosome formation. EMBOJ., 20, 5971-5981. 
Thumm, M., Egner, R., Koch, B., Schlumpberger, M., Straub, M., Veenhuis, M. and 
Wolf, D.H. (1994) Isolation of autophagocytosis mutants of Saccharomyces cerevisiae. 
FEBS Lett., 349, 275-280. 
Tsukada, M. and Ohsumi, Y (1993) Isolation and characterization of autophagy-defective 
mutants of Saccharomyces cerevisiae. FEBS Lett., 333, 169-174. 
Weaver, L.M., Gan, S., Quirino, B. and Amasino, RM. (1998) A comparison of the 
expression patterns of several senescence-associated genes in response to stress and hormone 
treatment. Plant Mol. Biol., 37, 455-469. 
Yang, Z. (1997) PAML: a program package for phylogenetic analysis by maximum 
likelihood. Comput. Appl. Biosci., 13, 555-556. 
Yoshimori, T. and Mizushima, N. (2004) Mammalian homologues of yeast autophagy 
proteins. In Autophagy (Klionsky, D.J., ed). Georgetown, TX: Landes Bioscience, pp. 202-
207. 
Table 3.1: Primers used for analysis of AtATGl 8s, AtSENl and AtYSL4 expression 
Forward primers Reverse primers 
AtATGl 8a 5 '-TCGCGTCGACTCCTTCAAATCATTCTTCCATG-3 ' 5 '-TCGCTCTAGATTAGAAAACTGAAGGCGGTTT-3 ' 




5 '-ACGCCTCGAGTTATCACGGGCGGTTGTCCATCTT-3 ' 
AtATGl 8d 5 '-CTCGAGATGGATCCTCGGAGAAACTTC-3 ' 5 '-TCTAGACCTTCCGTCCAAGCCAAT-3 ' 
AtATGl 8e 5 '-CTCGAGATGAATTCGATTGTCTCCACT-3 ' 5 '-TCTAGATCACACCCCACCAACCATTGT-3 ' 
AtATGl 8f 5 '-ACGCGGATCCATGAAGAAAAACGGTGACGGTTC-3 ' 5'-TCGCGTCGACCTAATCCACTTGCTCTTCATCCTCAT-3 
AtATGl 8g 5 '-GGATCCATGCAGCCATTACCTGCAAGG-3 ' 5 '-AAGCTTCTATTTGCGTAGCCATATCTTATATAAAAG-3 ' 
AtATGl 8h 5 '-CGATTCTAGAATGAAGAGTAACTCCAAGGTCAACATC-3 ' 5 '-ACGCCTCGAGTTACAGGCTATGGGATGTATTCTTCTT-3 ' 
AtSENl 5 '-CACAACATCACGAATTGGAAACTGG-3 ' 5 '-CAGCTCATTCTCTGTCCAAGCGAC-3 ' 
AtYSL4 5 '-AAAACTACTCATTTCTCTTCCTCTTCTTCT-3 ' 5 '-TCAGACGGCTTTGGTGACAACAG-3 ' 
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Figure 3.1. AtATGl 8 gene family sequence analysis, (a) Phylogenetic tree oî AtATGl 8 gene 
family. The maximum likelihood tree for yeast and Arabidopsis Atgl8-like proteins was 
identified using the PROML program within the Phylip 3.62 package (Felsenstein, 2004). 
Numbers show bootstrap values for the indicated clades based on the maximum likelihood 
distances, (b) Numbers and locations of WD-40 domains in yeast and Arabidopsis ATG18 
family amino acid sequences. The shadings indicate the WD-40 domains. Numbers indicate 
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Figure 3.2. Expression pattern of AtATG18 genes determined by RT-PCR analysis, (a) 
Expression pattern in different organs. R, root; L, leaf; F, flower; S, stem, (b) Expression 
pattern during sucrose or nitrogen starvation of Arabidopsis seedlings. One-week-old 
seedlings were transferred to medium lacking sucrose (-SUC) and incubated in the dark, or to 
medium lacking nitrogen (-N), for the indicated times, (c) Expression pattern during 
senescence of detached leaves. First and second true leaves were detached from two-week-
old seedlings and incubated in the dark for the indicated times. 18S RNA was used as a 
loading control; AtSENl and AtYSL4 were used as senescence controls. At least three 
independent biological replicates were performed for each experiment, with similar results. 
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Figure 3.3. Expression oî AtATGl 8 genes in AtATGl 8a RNAi transgenic plants. Total RNA 
was isolated from two-week-old seedlings of wt and three independent AtATGl 8a RNAi 
lines, RNAi-1, RNAi-2 and RNAi-3, followed by RT-PCR analysis. 18S RNA was used as a 
loading control. 
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Figure 3.4. Phenotype oî AtATGl 8a RNAi plants under nutrient starvation conditions, (a) 
One-week-old seedlings of wt and AtATGl 8a RNAi plants were transferred to MS medium 
lacking nitrogen and incubated for the indicated times, (b) Chlorophyll content of wt and 
AtATGl8a RNAi lines was measured at the indicated times after transfer to nitrogen-
deficient medium, (c) One-week-old seedlings of wt and AtATGl 8a RNAi plants were 
transferred to MS medium lacking sucrose and incubated in the dark for the indicated times, 
(d) Chlorophyll content of wt and AtATGl8a RNAi lines was measured at the indicated times 
after transfer to sucrose-deficient medium and dark incubation. Each experiment was 
repeated at least three times with similar results. Error bars indicate standard deviation. 
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Figure 3.5. AtATG18a RNAi plants exhibit an early senescence phenotype. (a) Natural 
senescence. Wild type and AtATG18a RNAi plants were grown in soil under long day 
conditions for the indicated times, (b) Detached leaf senescence. First and second true leaves 
were detached from two-week-old wt and AtATG18a RNAi seedlings and incubated in the 
dark for the indicated times, (c) Comparison of the expression level of the senescence 
associate genes AtSENl and AtYSL4 in wt and AtATG18a RNAi detached leaves after the 
indicated times. 
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Figure 3.6. MDC staining of root tips. One-week-old wt and AtATG18a RNAi seedlings 
were transferred to fresh control solid MS medium for 5 days (a), to nitrogen-deficient solid 
MS medium and incubated under long day conditions for 5 days (b), or transferred to solid 
MS medium without sucrose in the dark for 5 days (c), followed by staining with MDC. 
Insets show an enlargement of the boxed areas. Scale bar = 50 ^m for main figures, 10 pm 
for insets. 
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Figure 3.7. GFP-AtATG8e expression in sucrose-starved protoplasts. Protoplasts from wt or 
AtATG18a RNAi leaves were transiently transformed with GFP-AtATG8e and incubated for 
3 days in the presence (a) or absence (b) of sucrose. Scale bar = 20 jam. 
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Figure 3.8. MDC staining of protoplasts from senescing detached leaves, (a) The first and 
second true leaves of two-week-old wt and AtATG18a RNAi seedlings were detached, 
protoplasts were prepared immediately from these leaves followed by staining with MDC. 
Scale bar = 20 jam. (b) The first and second true leaves of two-week-old wt and AtATG18a 
RNAi seedlings were detached and incubated in the dark for 3 days. Protoplasts were 
prepared from these detached leaves and were stained with MDC. (c) Number of protoplasts 
containing autophagosomes in wt and AtATG18a RNAi leaves 3 days after detaching from 
the plant. The experiment was repeated three times, and 500 protoplasts were counted each 


























Figure 3.S1. Analysis of AtATG18c mutant phenotype. (a) RT-PCR was performed using 
RNA extracted from wild-type (WT) and At A TGI 8 c T-DNA insertion mutant (KO) lines 
with primers specific for AtATG18c, or 18S RNA as a control, (b) One-week-old AtATG18c 
mutant seedlings were transferred to control medium (+N) or to MS medium lacking nitrogen 
(-N) and incubated for 5 days, followed by MDC-staining. Inset shows an enlargement of the 
boxed area. Scale bar = 50jam for main figure, 25 |am for inset. 
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CHAPTER 4 
DEGRADATION OF OXIDIZED PROTEINS BY AUTOPHAGY DURING 
OXIDATIVE STRESS IN ARABIDOPSIS 
A paper submitted to Plant Physiology 
Y an Xiong, Anthony L. Contento, Phan Quang Nguyen and Diane C. Bassham 
Department of Genetics, Development and Cell Biology (Y.X., A.L.C., P.Q.N., D.C.B.), 
Interdepartmental Plant Physiology Program (Y.X., D.C.B.), Plant Sciences Institute (A.L.C., 
D.C.B.) and Interdepartmental Genetics Program (P.Q.N., D.C.B), 253 Bessey Hall, Iowa 
State University, Ames, IA 50011, USA 
4.1. Summary 
Upon encountering oxidative stress, proteins are oxidized extensively by highly reactive and 
toxic reactive oxidative species (ROS), and these damaged, oxidized proteins need to be 
degraded rapidly and effectively. There are two major proteolytic systems for bulk 
degradation in eukaryotes, the proteasome and vacuolar autophagy. In mammalian cells, the 
20S proteasome and a specific type of vacuolar autophagy, chaperone-mediated autophagy, 
are involved in the degradation of oxidized proteins in mild oxidative stress. However, little 
is known about how cells remove oxidized proteins when under severe oxidative stress. 
Using two macroautophagy markers, monodansylcadaverine (MDC) and GFP-AtATG8e, we 
here show that either exogenous application of the ROS inducers methyl viologen (MV) and 
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hydrogen peroxide, or an endogenous increased level of ROS, can induce macroautophagy in 
Arabidopsis plants. Macroautophagy-defective RNAi-AtATG18a transgenic plants are more 
sensitive to MV treatment than wild type plants and accumulate a higher level of oxidized 
proteins due to a lower degradation rate. In the presence of a vacuolar H+-ATPase inhibitor, 
concanamycin A, oxidized proteins were detected in the vacuole of wild type root cells but 
not RHAi-AtATG 18a roots cells. In addition, even in normal growth conditions, RNAi-
AtATG18a seedlings exhibit a higher level of protein oxidation and lipid peroxidation, and 
the expression level of several ROS scavenging enzymes are up-regulated compared to wild 
type seedlings. Together, our results indicate that autophagy is involved in degrading 
oxidized proteins under both oxidative stress and in normal growth conditions in 
Arabidopsis. 
4.2. Introduction 
Reactive oxidative species (ROS), the partially reduced or activated derivatives of oxygen, 
are highly reactive and toxic and can lead to cell death by causing damage to proteins, lipids, 
carbohydrates and DNA (Mittler et al., 2004). There are many potential sources of ROS in 
plants. Under normal physiological conditions, ROS are continuously produced in 
mitochondria, chloroplasts and peroxisomes as the byproducts of aerobic metabolic processes 
such as respiration and photosynthesis. ROS production can be enhanced by many abiotic 
stresses, such as drought stress, salt stress, heat shock, low temperature, nutrient deprivation 
and high light (Desikan et al., 2001; Malan et al., 1990; Mittler, 2001; Prasad et al., 1994; 
Tsugane et al., 1999). ROS can increase during some developmental stages, for example 
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senescence (Woo et al., 2004). In addition, some biotic stresses, such as pathogen infection 
and wounding, also trigger an ROS burst produced by NADPH oxidase-, amine oxidase- or 
cell wall bound peroxidase-dependent pathways. These ROS then act as signaling molecules 
to activate stress response and defense pathways (Chen et al., 1999; Orozco et al., 1999; 
Torres et al., 2002). 
Due to the dual roles of ROS in toxicity and as signal molecules, plant cells have developed 
sophisticated strategies to regulate their intracellular ROS concentration and to detoxify 
excess ROS. These strategies can be divided into two categories: avoidance mechanisms and 
scavenging mechanisms (for review, see Mittler, 2002). Avoidance strategies, such as leaf 
movement and curling and D1 protein degradation leading to PSII photoinactivation in high 
light conditions, enable plants to avoid excess ROS production (Mullineaux et al., 2002; 
Okada et al., 1996). Scavenging strategies use numerous scavenging enzymes such as 
superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione peroxidase (GPX) 
and catalase (CAT) or use non-enzymatic antioxidants such as ascorbate and glutathione to 
detoxify the excess ROS (Apel et al., 2004; Noctor et al., 1998). Most attention so far has 
been paid to these scavenging strategies. Studies of knockout, over-expression and antisense 
plants of many scavenging enzymes have strongly indicated that these scavenging enzymes 
are involved in plant growth, development and different biotic and abiotic stress responses by 
regulating intracellular ROS concentration. Reduced expression of CAT1 in tobacco, for 
example, causes hydrogen peroxide accumulation and induces cell death in palisade 
parenchyma cells in high light conditions (Dat et al., 2003). Overexpression of thylakoidal 
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APX in Arabidopsis increases resistance to paraquat-induced photooxidative stress (Murgia 
et al., 2004). 
Once the generation of ROS exceeds these avoidance and scavenging mechanisms, oxidative 
stress occurs and causes damage to cellular components such as proteins. How plant cells 
degrade these damaged, oxidized proteins is unclear. The proteasome-dependent proteolytic 
system, because of its selectivity, has been considered to be a possible candidate for 
removing oxidized proteins. In mammalian cells the 20S proteasome, the proteolytic core of 
the 26S proteasome complex, is involved in the degradation of oxidatively modified proteins, 
and this degradation is ATP and ubiquitin-independent (Dunlop et al., 2002; Grune et al., 
1995; Shringarpure et al., 2003; Ullrich et al., 1999). In plants, the 20S proteasome had been 
isolated from maize roots and can be activated by mild oxidative conditions, such as sugar 
starvation (Basset et al., 2002), although a direct role in degradation of oxidized proteins was 
not shown. 
Another major proteolytic system that could potentially degrade oxidized proteins is 
autophagy. Autophagy is a process in which cytoplasmic components are taken up into the 
vacuole or lysosome for degradation. There are three major forms of autophagy: 
macroautophagy, microautophagy and chaperone-mediated autophagy (CMA, Kiffin et al., 
2004). In microautophagy, the cytosolic components are engulfed directly by the vacuolar 
membrane. In macroautophagy, cytoplasmic components are surrounded by a double 
membrane structure to form an autophagosome. The outer membrane of the autophagosome 
then fuses with the vacuole and the inner membrane and its contents are degraded by 
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vacuolar hydrolases. In some conditions, whole organelles, such as mitochondria and 
peroxisomes, and parts of organelles, such as regions of Golgi and endoplasmic reticulum, 
are removed by the macroautophagy pathway (Cuervo, 2004). Macro- and microautophagy 
are generally thought to have no selectivity. In contrast, CMA can selectively degrade 
cytosolic proteins by using a cytosolic chaperone, cyt-hsc70, to recognize substrate proteins 
containing the signal motif KFERQ (Massey et al., 2004). Recently, CMA had been found to 
participate in removing oxidized proteins in rat liver and cultured mouse fibroblasts under 
oxidative stress (Kiffin et al., 2004). Whether macroautophagy or microautophagy contribute 
to the degradation of oxidized proteins is unclear. Although some yeast autophagy mutants, 
such as atg3, are more sensitive to oxidative stress compared to wild type (Thorpe et al., 
2004), there is still no direct evidence to support a role for macroautophagy in the removal of 
oxidized proteins during oxidative stress. 
In plants, only macroautophagy (referred to hereafter as autophagy) and microautophagy 
have been identified and it is unclear whether CMA is present (Thompson et al., 2005). By 
sequence comparisons, autophagy genes (ATGs) are well conserved among yeasts, animals 
and plants, indicating that the basic molecular mechanism of autophagy is also likely to be 
conserved in higher eukaryotes (Doelling et al., 2002; Hanaoka et al., 2002; Liang et al., 
1999; Mizushima et al., 1998). Phenotypic analysis of Arabidopsis knockout and RNAi 
silenced lines of several homologs of yeast autophagy genes have suggested that autophagy 
is involved in nutrient deprivation responses and in regulating the senescence process 
(Doelling et al., 2002; Hanaoka et al., 2002; Xiong et al., 2005). Furthermore, two useful 
autophagosome markers, monodansylcadaverine (MDC) and GFP-AtATG8 have been 
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developed for use in Arabidopsis (Contento et al., 2005; Thompson et al., 2005; Yoshimoto 
et al., 2004). MDC is a fluorescent dye that specifically stains autophagosomes, whereas 
AtATGS proteins are localized to autophagosomes after being modified with the lipid 
phosphatidylethanolamine (PE) by an ubiquitination-like reaction. These two markers now 
allow us to monitor the autophagic process in Arabidopsis. Here, using these two 
autophagosome markers, we show that autophagy is induced after treatment with hydrogen 
peroxide (H2O2) or methyl viologen (MV). Autophagy-defective l^NAi-AtATGlSa transgenic 
plants are more sensitive to MV treatment and accumulate a higher level of oxidized proteins 
compared to wild type. Our data suggest that autophagy is involved in degrading oxidized 
proteins during oxidative stress in Arabidopsis. 
4.3. Results 
Autophagy is induced by MV or H2O2 treatment 
Although autophagy is suggested to be involved in resistance to oxidative stress in yeast 
(Thorpe et al., 2004), the function of autophagy during oxidative stress and whether plant 
cells also use autophagy as a defense against oxidative stress is unclear. In a previous study, 
we characterized one marker for autophagy in Arabidopsis, the fluorescent dye 
monodansylcadaverine (MDC), which specifically stains autophagosomes (Contento et al., 
2005). To investigate whether oxidative stress can induce autophagy in Arabidopsis, we first 
examined the response of wild type plants to two well-known oxidative stress inducers, 
hydrogen peroxide (H2O2) and methyl viologen (MV or paraquat). Whereas hydrogen 
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peroxide can diffuse across membranes and cause damage directly to cellular components, 
MV acts by accepting electrons from Photosystem I in chloroplasts and then reacting with 
oxygen to produce superoxide. 7-day-old wild type seedlings grown on nutrient Murashige 
and Skoog (MS) solid medium were transferred to the same medium plus lOpM MV for 2 
days or MS solid medium plus lOmM H2O2 for 6 hours, then stained with MDC. Numerous 
motile MDC-stained autophagosomes were detected in root cells after MV or H2O2 treatment, 
observed by fluorescence microscopy (Figure 4.1b, c). These MDC-stained autophagosomes 
were absent from seedlings grown on control medium (Figure 4.1a). These observations 
imply that autophagy can be induced by oxidative stress. 
AtATGS proteins have been shown to associate with autophagosomes and GFP-AtATG8 
fusion proteins have been used as markers of autophagosomes in Arabidopsis (Contento et 
al., 2005; Thompson et al., 2005; Yoshimoto et al., 2004). To further confirm the MDC 
staining results, we introduced a transgene expressing a GFP-AtATG8e into wild-type Col-0 
plants. When grown on nutrient MS solid medium, GFP-AtATG8e was dispersed throughout 
the cytoplasm and punctate autophagosome-like structures were not visible (Contento et al., 
2005 and Figure 4.S1). When these transgenic GFP-AtATG8e plants were transferred for 2 
days to solid MS medium with IOjxM MV, numerous punctate structures were observed in 
root cells, similar to the MDC-stained punctate structures (Figure 4.SI), indicating the 
presence of autophagosomes. Together, these results strongly suggest that autophagy is 
induced by oxidative stress. 
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Autophagy is constitutively present in a catalase2 knockout mutant 
Above, we showed that exogenous application of the ROS inducers MV or H2O2 can induce 
autophagy. As an alternative approach, we investigated whether an increased endogenous 
level of ROS can also trigger autophagy. Catalases, major ROS-scavenging enzymes in 
plants, play a key role in the detoxification of ROS species (Mittler et al., 2004). A T-DNA 
knockout mutant for the major catalase isoform in Arabidopsis, CAT2, has lesions indicative 
of an oxidative stress phenotype (personal communication from U. Zentgraf). When grown 
on nutrient MS solid medium, a condition that does not induce autophagy in WT plants, 
many MDC-stained autophagosomes were detected in roots of the cat2 mutant (Figure 4. Id). 
This implies that an increased level of endogenous ROS can trigger autophagy. 
KNAi-AtATG18a plants are more sensitive to MV treatment 
The AtATGl 8a protein is required for autophagosome formation in Arabidopsis and its 
transcript is up-regulated both during sucrose and nitrogen starvation and during senescence. 
RNAi-AtATG18a transgenic lines with reduced AtATGl8a expression show hypersensitivity 
to sucrose and nitrogen starvation and are unable to produce autophagosomes under these 
conditions (Xiong et al., 2005). To analyze the expression pattern of AtATGl 8a under 
oxidative stress conditions, total RNA was isolated from wild type and RNAi-AtATG18a 
seedlings after incubation with IO^iM MV for up to 72 hours, and RT-PCR was performed 
using primers specific for AtATGl8a. As shown in figure 4.2, the transcript level of 
AtATG18a was increased after MV treatment in wild type seedlings. Although this 
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expression increase was also seen in KNAi-AtATG18a seedlings, the level of AtATGl 8a 
transcript is much lower than in wild type seedlings (Figure 4.2). To determine whether 
autophagosome formation is disrupted in RNAi-AtATGl8a root cells under oxidative stress, 
7-day-old RNAi seedlings were transferred to solid MS medium plus lOjaM MV for 2 days 
or plus lOmM H2O2 for 6 hours, then stained with MDC. Compared to wild type seedlings, 
fewer MDC-stained autophagosomes were detected in the root tips of these RNAi seedlings 
(Figure 4.1b, c). These data suggest that AtATGl 8a is not only required in starvation- and 
senescence- induced autophagy, but also in oxidative stress-triggered autophagy. 
To determine whether autophagy is required for the response to oxidative stress conditions, 
growth of the RNAi-AtATGl 8a lines was compared with wild type plants under oxidative 
stress. 7-day-old seedlings grown on nutrient MS solid medium were transferred to medium 
with 10(j.M MV. After 15 days, KNAi-AtATGl8a plants were already chlorotic, whereas wild 
type seedlings were still green (Figure 4.3). These data imply that autophagy is necessary for 
plants to survive oxidative stress conditions. 
Autophagy is responsible for degradation of oxidized proteins during oxidative stress 
One result of oxidative stress is increased protein oxidation. To better understand the role of 
autophagy in oxidative stress, the level of oxidized proteins was compared between wild type 
and RNAi-AtATG18a seedlings after MV treatment. 7-day-old seedlings were transferred to 
medium containing 10[iM MV for up to 12 hours, followed by isolation of total proteins. 
After derivatization of the carbonyl group of oxidized proteins with 2,4-
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dinitrophenolhydrazine (DNP), immunoblotting was performed using DNP antibodies to 
detect the amount of oxidized proteins. As shown in figure 4.4 , RNAi plants accumulated 
more oxidized proteins compared with wild type seedlings after MV treatment (compare 
WT+MV with RNAi+MV in figure 4.4a and c). No signal was seen in parallel control 
experiments in which the DNP derivatization step was omitted (data not shown). Considering 
that RNAi-v4M TGI 8a seedlings are defective in autophagy, these data suggest that autophagy 
may be responsible for the degradation of oxidized proteins during oxidative stress. 
Concanamycin A, a vacuolar H+-ATPase inhibitor, inhibits vacuolar enzyme activities by 
increasing the internal vacuolar pH (Drose et al., 1993). When treated with concanamycin A, 
autophagosomes accumulate in the vacuole in Arabidopsis roots as they can no longer be 
degraded (Yoshimoto et al., 2004). To further confirm the role of autophagy in degradation 
of oxidized proteins during oxidative stress, the effect of concanamycin A on the level of 
oxidized proteins after MV treatment was also examined. 7-day-old wild type seedlings were 
transferred to medium containing lOpM MV, or l|iM concanamycin A, or both IOjiM MV 
and l|iM concanamycin A for up to 12 hours, followed by protein isolation and 
immunoblotting using DNP antibody. As shown in figure 4.4a and 4.4c, MV and 
concanamycin A treatment caused an increase in accumulation of oxidized proteins 
compared to MV treatment alone in wild type seedlings, and this accumulation level is 
similar to that in RNAi-AtATG18a lines when treated with MV. These data implicate the 
vacuole in the degradation of oxidized proteins after MV treatment. 
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To investigate whether the increased accumulation of oxidized proteins in RNAi seedlings is 
truly caused by a defect in degradation of these proteins, wild type and RNAi-AtATGl 8a 
seedlings were treated with 10p.M MV for 2 days, by which time oxidized proteins had 
accumulated to high levels in both wild type and RNAi-AtATGl8a seedlings. The seedlings 
were then transferred back to solid medium lacking MV and the degradation rate of oxidized 
proteins in WT and RNAi plants was compared. As shown in figure 4.5, 3 or 4 days after 
transfer back to control medium, the amount of oxidized proteins in wild type seedlings had 
decreased to a low level. In contrast, RNAi-AtATG18a plants retained a high level of 
oxidized proteins at this time point after transfer back to control medium. Together, these 
data suggest that oxidized proteins can be transported to the vacuole for degradation by the 
autophagy pathway. In this way, cells can eliminate damaged oxidized proteins to increase 
their survival under severe oxidative stress. 
Oxidized proteins are delivered to the vacuole for degradation 
To further confirm that during oxidative stress, oxidized proteins can be sent to the vacuole 
for degradation by the autophagy pathway, the cellular localization of oxidized proteins 
caused by MV treatment was compared between wild type and RNAi- AtATGl8a root cells. 
3-day-old wild type and RHA\-AtATG18a seedlings were transferred to medium containing 
1 |xM concanamycin A to inhibit degradation in the vacuole, or both 1 |iM concanamycin A 
and lOgM MV, for 12 hours. The oxidized proteins were then derivatized in situ with DNP 
and detected using DNP antibody followed by immunofluorescence confocal microscopy. 
After treatment with lgM concanamycin A and lOpM MV for 12 hours, a strong DNP signal 
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was detected inside the vacuole of wild type root cells (Figure 4.6). In contrast, this DNP 
signal was absent from the vacuole of KNAi-AtATG18a root cells and instead seen in the 
cytoplasm. This provides direct evidence that autophagy is responsible for transporting 
oxidized proteins to the vacuole for degradation under oxidative stress conditions. 
RNAh4£4 TGI 8a lines are under oxidative stress even in the absence of MV 
From the data shown in Figure 4.4, we observed that even in normal growth conditions the 
level of oxidized proteins in RNAi plants is 1.4-fold higher than in wild type (time 0 in figure 
4.4), an increase that is small but consistent between replicates and statistically significant by 
Student t-test (P=0.0044). Furthermore, concanamycin A treatment for 12 hours also 
significantly increased the level (by 1.8-fold) of oxidized proteins in wild type seedlings 
when grown on control medium without MV (Figure 4.4; P=0.0065). This suggests that 
autophagy may be involved in oxidized protein degradation not only in oxidative stress 
conditions but also in normal growth conditions. 
2 ,7 -dichlorofluorescein diacetate (H2DCFDA), a fluorescent dye that stains ROS and lipid 
peroxides in Arabidopsis roots, has been used as an indicator of oxidative stress (Ezaki et al., 
2000). As an initial approach to determine whether KNAi-AtATGl 8a plants are under 
increased oxidative stress compared with wild type plants even in the absence of MV, roots 
of 7-day-old wild type and RNAi seedling grown on control medium were stained with 
H2DCFDA. As shown in figure 4.7a, stronger fluorescent signals were seen in RNAi roots 
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compared to wild type roots, suggesting that RNAi-AtATGl8a seedlings have a higher 
concentration of ROS and/or lipid peroxides. 
To investigate this further, lipid peroxidation levels were compared between wild type and 
RNAi plants. In normal growth conditions, the degree of lipid peroxidation in RNAi plants 
was higher than that in wild type plants (P=0.0098). When grown on 10|-iM MV solid 
medium for 24 hours, the lipid peroxidation level in wild type plants increased to that seen in 
RNAi plants (Figure 4.7b). These data suggest that the RNAi plants are under constitutive 
oxidative stress, even in normal growth conditions. 
As an alternative approach to assess whether the RNAi-AtATGl8a lines are likely to be under 
increased oxidative stress, the expression patterns of several ROS scavenging enzymes were 
compared between wild type and AtATGl8a seedlings. For all scavenging enzymes 
examined, after MV treatment, an increase in expression was observed earlier in RNAi-
AtATG18a seedlings than in wild type seedlings (Figure 4.2). Moreover, the transcript levels 
of chloroplast SOD and CAT1, CAT2 and CAT3 were higher in RNAi seedlings than wild 
type even in normal growth conditions (0 h in figure 4.2). These results are consistent with 
the H2DCFDA staining results (Figure 4.7a) and lipid peroxidation analysis (Figure 4.7b), 




As a non-specific protein degradation pathway, autophagy is activated in response to some 
environmental stresses such as nutrient deficiency, and during certain stages of development, 
for example senescence (Levine et al., 2004). In this study, several lines of evidence support 
the hypothesis that autophagy can also be induced for removal of oxidized proteins during 
oxidative stress in Arabidopsis. (1) Using two autophagosome markers, MDC and GFP-
AtATGSe, numerous autophagosomes were detected in wild type root cells after 2 days of 
MV treatment but only a few autophagosomes were observed in autophagy-defective RNAi-
AtATG18a transgenic plants (Figure 4.1b). (2) KNA\-AtATG18a seedlings were more 
sensitive to oxidative stress compared to wild type (Figure 4.3), implying that autophagy is 
necessary for plants to survive such oxidative stress conditions. (3) After treatment with MV 
for 12 hours, more oxidized proteins accumulated in RNAi-AtATG18a seedlings than in wild 
type seedlings (Figure 4.4), and in RNAi-AtATGl8a seedlings, the degradation rate of 
oxidized proteins was also slower than in wild type (Figure 4.5), implying that autophagy is 
responsible for degrading these oxidized proteins. (4) In wild type seedlings, more oxidized 
proteins accumulated after treatment with MV and concanamycin A together compared to 
treatment with MV only, suggesting a role for the vacuole in degradation of oxidized 
proteins. (5) Under oxidative stress, when treated with concanamycin A, oxidized proteins 
can be detected in the vacuole of wild type root cells but not KNAi-AtATGl 8a roots cells 
(Figure 4.6). These data provide direct evidence that oxidized proteins are sent to the vacuole 
for degradation by autophagy. In addition, multiple different sources of ROS (direct addition 
of H2O2, generation in the chloroplast by MV and increased peroxisomal ROS in the cat2 
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knockout plants) all cause autophagy, suggesting that it is general oxidative stress that 
induces autophagy, rather than localized ROS production in a specific organelle. Based on 
these observations, we hypothesize that one of the physiological roles of autophagy during 
oxidative stress is to remove oxidized proteins. 
In mammalian cells, the 20S proteasome and CMA pathway were found to degrade oxidized 
proteins selectively: the 20S proteasome recognizes hydrophobic regions in the surface of 
target proteins and is ATP and ubiqitin-independent (Dunlop et al., 2002), whereas the CMA 
pathway uses a pentapeptide KFERQ in proteins as a signal for translocation into the lumen 
of the lysosome after being unfolded (Kiffin et al., 2004). Furthermore, the efficiency of the 
20S proteasome and CMA pathway in removal of oxidized proteins changes with the 
duration and degree of oxidative damage. Mild oxidative damage causes exposure of 
hydrophobic region and partial protein unfolding, facilitating the degradation of the oxidized 
proteins by the 20S proteasome and CMA pathways. In contrast, under severe oxidative 
stress, oxidized proteins easily aggregate and cross-link together, decreasing the efficiency of 
the 20S proteasome and CMA pathways (Dunlop et al., 2002; Kiffin et al., 2004). How 
mammalian cells remove oxidized proteins rapidly and effectively under severe oxidative 
stress is unknown. Whether macroautophagy also contributes to degradation of oxidized 
proteins in mammalian cells in addition to Arabidopsis is unclear. In plants, a CMA pathway 
has not been demonstrated. The 20S proteasome has been isolated from maize roots and is 
activated by carbonylation modification in mild oxidative conditions such as carbon 
starvation, although inactivated by strong oxidative treatments such as a high concentration 
of H2O2. However, no direct evidence was provided as to whether this enhanced proteasome 
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activity is related to degradation of oxidized proteins (Basset et al, 2002). These data imply 
that the 20S proteasome plays an important role in removal of oxidized proteins under mild 
oxidative stress but not under severe oxidative stress. However, plants frequently suffer 
severe oxidative stress since they cannot escape from unfavorable environments (Millar et 
al, 2001). Considering that a large population of proteins is oxidized and that these proteins 
aggregate and are cross-linked during severe oxidative stress, it is plausible that plant cells 
use autophagy to remove these damaged proteins rather than the selective 20S proteasome 
pathway. Since autophagy is non-selective and does not require a targeting signal that could 
be inaccessible in aggregated and cross-linked proteins, it could effectively transfer oxidized 
proteins to the vacuole for degradation. 
A basal level of autophagy activity is also present in normal growth conditions since the 
AtATGs genes are still expressed (Xiong et al., 2005), and GFP-AtATG8a protein is 
transported to the vacuole of hypocotyl cells in GFP-AtATG8a Arabidopsis transgenic plants 
when grown on standard MS medium, although at a lower level than in nutrient deprivation 
conditions (Thompson et al., 2005). So far, no obvious phenotypes (other than during 
senescence) have been observed in Arabidopsis autophagy mutants under normal growth 
conditions and the function of autophagy under normal growth conditions is unclear. When 
wild type and RNAi-AtATG18a seedlings are grown on control MS medium, the level of 
oxidized proteins and lipids in RNAi-AtATGl8a plants is higher than in wild type seedlings 
(time 0 in Figure 4.4a and c; Figure 4.7b). Two possibilities were considered to explain these 
observations; first, that autophagy is required for the degradation of the low level of oxidized 
proteins and lipid peroxides that form during normal growth conditions and second, that the 
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RNAi-AkirG/Sti lines are under constitutive oxidative stress. The first possibility is 
supported by our results showing an increase in oxidized proteins after conA treatment in the 
absence of MV, suggesting that at least one function of autophagy in normal growth 
conditions is to degrade oxidized proteins. While we have shown that oxidized proteins are 
delivered to the vacuole for degradation by autophagy, it remains to be determined whether 
lipid peroxides can also be degraded by this pathway. The second possibility is supported by 
the increase in expression of ROS scavenging enzymes (Figure 4.2), and possibly ROS levels 
themselves (Figure 4.7a), in KNAi-AtATG18a plants compared with wild type, indicating 
increased oxidative stress. The reason for this is as yet unclear; as some entire organelles, 
such as mitochondria, can be degraded by autophagy, it is possible that this stress may be 
caused by loss of degradation of defective organelles in RNAi-AtATGl8a plants. 
Previously, we showed that AtATGl 8a is required for autophagosome formation, and 
autophagosomes were absent in RNAi-AtATGl8a seedlings under nutrient deprivation and 
senescence conditions (Xiong et al., 2005). When treated with MV, however, a few MDC-
stained autophagosomes can still be observed in RNAi-AtATGl8a roots (Figure 4.1b). This 
difference may be due to (1) the nature of RNAi technology: there is still a very low level of 
mRNA remaining in the RNAi seedlings, and under MV treatment, the AtATGl8a transcript 
level increased somewhat in the RNAi plants (Figure 4.2). This suggests that the expression 
of AtATGl 8a in these RNAi plants is not completely silenced; and (2) the differing extent of 
autophagy induced by nutrient deprivation, senescence and oxidative stress. More 
autophagosomes were seen after MV or H2O2 treatment compared to during nutrient 
deprivation conditions (unpublished data), implying that the extent of autophagy during 
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oxidative stress is higher than under nutrient deprivation and senescence conditions. This 
may allow the detection of a few autophagosomes in RNAi plants during oxidative stress but 
not in nutrient deprivation and senescence conditions. 
In yeast, most of the autophagy related genes (ATG) are single copy. In contrast, some 
Arabidopsis homologs of yeast ATGs exist as a small gene family. For example, there are 
eight homologs for ATG18 (Xiong et al., 2005) and nine homologs for ATG8 (Hanaoka et 
al., 2002). One hypothesis is that autophagy induced by different stresses or different 
developmental stages may require different At ATG homologs. However, the same ATG18 
homolog, AtATGlS a, is required for nutrient depletion-, senescence- and oxidative stress-
induced autophagy. This implies that the molecular mechanism of autophagy is the same in 
senescence, nutrient deprivation and oxidative stress. We have isolated T-DNA knockout 
mutants for 4 additional ATG18 homologs, AtATG18c, AtATG18e, AtATG18f and 
AtATG18g. Autophagosome formation detected by MDC staining was not affected in these 
knockout mutants during senescence, nutrient deprivation and oxidative stress conditions 
(Xiong et al., 2005 and unpublished data), implying that these genes are not required for 
already known autophagy functions. Of course, care must be taken in drawing this 
conclusion as there may be some redundant functions between these AtATGlS homologs and 
knockout of one gene may not be enough to observe a clear phenotype. Generating double or 
triple mutants will help to address this question. 
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4.5. Experimental procedures 
Plant materials and growth conditions 
Arabidopsis thaliana plants were grown on nutrient solid MS medium as described 
previously (Xiong et al., 2005) under long day conditions (16 hrs light) at 22 0. Arabidopsis 
thaliana seeds were surface-sterilized in 33% bleach and 0.1% Triton X-100 solution for 20 
minutes followed by cold treatment for at least 2 days. For MV, H2O2 or concanamycin A 
treatment, 7-day-old seedlings grown on nutrient solid MS medium were transferred to the 
same medium containing 10p.M MV, lOmM H2O2 or l(j.M concanamycin A and incubated 
for the indicated times. 
Staining of seedlings with MDC or H2DCFDA and microscopy 
Seedlings were stained with MDC as described (Xiong et al., 2005) and observed using 
fluorescence microscopy using a DAPI-specific filter. Seedlings were stained with 
H2DCFDA as described in Behl et al., 1994 and observed using fluorescence microscopy 
using a FITC-specific filter. 
RT-PCR analysis of expression of AtATG18a and ROS scavenging enzymes 
Total RNA was extracted and RT-PCR was performed as described previously (Xiong et al., 
2005). Gene-specific primers used for PCR are as follows: for AtATG18a (At3g62770), 5'-
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TCGCGTCGACTCCTTCAAATCATTCTTCCATG-3' and 5'-
TCGCTCT AG ATT AG AAA ACT G A AGGCGGTTT-3 ' ; for CAT! (Atlg20630), 5'-
C AC AT GTTTTC ATTT CTCTT GAT GAT-3 ' and 5'-
AGC AG AC AAT AGG AGTT GT AGGG-3 ' ; for CAT2 (At4g35090), 5'-
AAC ATGTTTT C ATTT CTCTT GAT GAT-3 ' and 5'-
AACAGACAGCAGGCGGAGTTGGA-3'; for CAT3 (Atlg20620), 5'-
GTCGACATGGATCCTTACAAGTATCGTCCTTCAAGC-3' and 5'-
GCGGCCGCCTAGATGCTTGGCCTCACGTTCAGACGGCT-3'; for ChlS0D2 
(At2g28190), 5'-ATTTCCTCCAAACGTCAAACAT-3' and 5'-
CATCGGCATTGGCATTTATGT-3'; for APX1 (Atlg07890), 5'-
ACGTTCTCATTCATGACTCTATAT-3 ' and 5 '-GGAAATCAGCAAAAGAGATGGTA-
3'. 
Generation of GFP-AtATG8e transgenic plants 
A DNA fragment encoding GFP-AtATG8e was obtained by digestion of plasmid pJ4GFP-
AtATG8e (Contento., et al 2005) with restriction enzymes Sail and Sad, and ligated into the 
plant T-DNA binary vector pCAMBIA1300 (Gambia GPO, Canberra, Australia). This 
construct was introduced into Agrobacterium tumefaciens strain GV3101 by electroporation 
(Merereau et al., 1990). pCAMBIA1300: GFP-AtATG8e was introduced into Arabidopsis 
thaliana Columbia-0 plants by Agrobacterium-mediated transformation using the floral 
dipping method (Clough et al., 1998). Transgenic plants were screened using hygromycin 
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resistance and expression confirmed by immunoblotting using GFP antibody (Invitrogen, 
Carlsbad, CA). Homozygous T2 transformant seeds were used for further studies. 
Oxidized protein and lipid analysis 
For oxidized protein analysis, total proteins were isolated from seedlings after treatment with 
MV for the indicated times by grinding in cold extraction buffer (0.1M Tris-HCl pH 7.5, 
0.3M sucrose, ImM EDTA, O.lmM phenylmethylsulphonylfluoride and 1% P-
mercaptoethanol) and centrifugation at 1000g for 10 minutes. Oxidized proteins were 
detected using an OxyBlot protein oxidation detection kit (Chemicon International, 
Temecula, CA) according to the manufacturers instructions. 
Lipid peroxidation analysis was carried out using a lipid peroxidation assay kit (Calbiochem, 
La Jolla, CA) according to the manufacturers instructions. 
Unpaired t-tests were conducted on the protein and lipid peroxidation data to determine 
statistical significance. Significant difference was defined by treatment comparisons with 
observed P-values of less than 0.05 (P<0.05), allowing for a 95% confidence interval. 
Immunolocalization and confocal microscopy 
Three-day-old Arabidopsis seedlings grown on MS solid medium were transferred to the 
same medium containing lp,M concanamycin A or IpM concanamycin A plus 10|iM MV for 
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12-16 hours. Immunofluorescence staining of treated Arabidopsis seedling was performed 
according to (Muller et al., 1998) with the following modifications: Seedlings were fixed 
with Carnoy's solution (6 parts absolute ethanol, 1 part glacial acetic acid, 3 parts 
chloroform) for 15 minutes followed by successive washes with 50% ethanol, 25% ethanol 
and 50mM PIPES, 5mM EGTA, 5mM MgSCU (MTSB), then mounted on slides. Prior to 
addition of block buffer (3% bovine serum albumin/MTSB), permeabilized seedlings were 
treated with 40jil IX 2,4 dinitriphenylhydrazine (DNP, Chemicon International) for 30 
minutes and neutralized with 40|il neutralization solution (OxyBlot protein oxidation kit, 
Chemicon International). Immunolabeling was done using anti-DNP (OxyBlot protein 
oxidation kit, Chemicon International; 1:100) for 15-18 hours at 4°C followed by Alexa 
Fluor® 594-conjugated goat anti-rabbit (Molecular Probes, Eugene, OR, USA; 1:250) for 1 
hour at room temperature. Samples were washed five times with MTSB after each antibody. 
Images were collected using a Leica TCS/NT confocal microscope (Leica Microsystems, 
Exton, PA, USA) and further processed using MetaMorph (Molecular Devices Corporation, 
Downingtown, PA) and Adobe Photoshop (Adobe Systems, Mountain View, CA, USA). 
4.6. Acknowledgements 
We thank Dr David Oliver for helpful comments on the manuscript and Dr U Zentgraf for 
generously providing the cat2 knockout mutant seeds. This research was supported by grants 
to D.C.B. from the Plant Responses to the Environment Program of the National Research 
Initiative Competitive Grants Program, US Department of Agriculture (grant no. 2002-
35100-12034), and the National Science Foundation (grant no. IOB-0515998). 
124 
4.7. References: 
Apel, K. and Hirt, H. (2004) Reactive oxygen species: metabolism, oxidative stress, and 
signal transduction. Annu. Rev. Plant Biol. 55, 373-399. 
Basset, G, Raymond, P., Malek, L. and Brouquisse, R. (2002) Changes in the expression 
and the enzymic properties of the 20S proteasome in sugar-starved maize roots. Evidence for 
an in vivo oxidation of the proteasome. Plant Physiol. 128, 1149-1162. 
Behl, C., Davis, J.B., Lesley, R. and Schubert, D. (1994) Hydrogen peroxides mediates 
amyloid (3 protein toxicity. Cell 77: 817-827. 
Chen, S.X. and Schopfer, P. (1999) Hydroxyl-radical production in physiological reactions. 
A novel function of peroxidase. Eur. J. Biochem. 260, 726-735. 
Contento, A.L., Xiong, Y. and Bassham, D C. (2005) Visualization of autophagy in 
Arabidopsis using the fluorescent dye monodansylcadaverine and a GFP-AtATG8e fusion 
protein. Plant J. 42, 598-608. 
Clough, S.J. and Bent, A.F. (1998) Floral dip: a simplified method for Agrobacterium-
mediated transformation of Arabidopsis thaliana. Plant J. 16, 735-743. 
Cuervo, A.M. (2004) Autophagy: in sickness and in health. Trends Cell Biol. 14, 70-77. 
Dat, J.F., Pellinen, R., Beeckman, T., Van De Cotte, B., Langebartels, C., Kangasjarvi, 
J., Inze, D. and Van Breusegem, F. (2003) Changes in hydrogen peroxide homeostasis 
trigger an active cell death process in tobacco. Plant J. 33, 621-632. 
Desikan, R., A-H Mackerness, S., Hancock, J.T. and Neill, S.J. (2001) Regulation of the 
Arabidopsis transcriptome by oxidative stress. Plant Physiol. 127, 159-172. 
Doelling, J.H., Walker, J.M., Friedman, E.M., Thompson, A.R. and Vierstra, R.D. 
(2002) The APG8/12-activating enzyme APG7 is required for proper nutrient recycling and 
senescence in Arabidopsis thaliana. J. Biol. Chem. 277, 33105-33114. 
125 
Drose, S., Bindseil, K.U., Bowmana, E.J., Siebers, A., Zeeck, A and Altendorf, K. (1993) 
Inhibitory effect of modified bafilomycins and concanamycins and P- and V-type 
adenosinetriphosphatases. Biochemisrty 32, 3902-3906. 
Dunlop, R.A., Rodgers, K.J. and Dean, R.T. (2002) Recent developments in the 
intracellular degradation of oxidized proteins. Free Radie. Biol. Med. 33, 894-906. 
Ezaki, B., Gardner, R.C., Ezaki, Y. and Matsumoto, H. (2000) Expression of Aluminum-
induced genes in transgenic Arabidopsis plants can ameliorate aluminum stress and/or 
oxidative stress. Plant Physiol. 122, 657-665. 
Grune, T., Reinheckel, T., Joshi, M. and Davies, K.J. (1995) Proteolysis in cultured liver 
epithelial cells during oxidative stress. Role of the multicatalytic proteinase complex, 
proteasome. J. Biol. Chem. 270, 2344-2351. 
Hanaoka, H., Noda, T., Shirano, Y., Kato, T., Hayashi, H., Shibata, D., Tabata, S. and 
Ohsumi, Y. (2002) Leaf senescence and starvation-induced chlorosis are accelerated by the 
disruption of an Arabidopsis autophagy gene. Plant Physiol. 129, 1181-1193. 
Kiffin, R., Christian, C., Knecht, E. and Cuervo, A.M. (2004) Activation of chaperone-
mediated autophagy during oxidative stress. Mol. Biol. Cell 15, 4829-4840. 
Liang, X.H., Jackson, S., Seaman, M., Brown, K., Kempkes, B., Hibshoosh, H. and 
Levine, B. (1999) Induction of autophagy and inhibition of tumorigenesis by beclin 1. 
Nature 402, 672-676. 
Levine, B. and Klionsky, D.J. (2004) Development by self-digestion: molecular 
mechanisms and biological functions of autophagy. Dev. Cell 6, 463-77. 
Malan, C., Gregling, M.M. and Gressel, J. (1990) Correlation between CuZn superoxide 
dismutase and glutathione reductase and environmental and xenobiotic stress tolerance in 
maize inbreds. Plant Sci. 69,157-166. 
126 
Massey, A., Kiffin, R. and Cuervo, A.M. (2004) Pathophysiology of chaperone-mediate 
autophagy. Int. J. Biochem. Cell Biol. 36, 2420-2434. 
Merereau, M., Pazour, G J. and Das, A. (1990) Efficient transformation of Agrobacterium 
tumefaciens by electroporation. Gene 90, 149-151. 
Millar, H., Considine, M.J., Day, D A. and Whelan, J. (2001) Unraveling the role of 
mitochondria during oxidative stress in plants. IUBMB. Life 51, 201-205. 
Mittler, R., Vanderauwera, S., Gollery, M. and Breusegem, F. (2004) Reactive oxygen 
gene network of plants. Trends Plant Sci.9, 490-498. 
Mittler, R. (2002) Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci. 7, 
405-410. 
Mizushima, N., Sugita, H., Yoshimori, T. and Ohsumi, Y. (1998) Anew protein 
conjugation system in human. The counterpart of the yeast Apgl2p conjugation system 
essential for autophagy. J. Biol. Chem. 273, 33889-33892. 
Muller, A., Guan, C., Galweiler, L., Tanzler, P., Huijser, P., Marchant, A., Parry, G, 
Bennett, M., and Wisman, E. (1998) AtPIN2 defines a locus of Arabidopsis for root 
gravitropism control. EMBO J. 17, 6903-6911. 
Mullineaux, P. and Karpinski, S. (2002) Signal transduction in response to excess light: 
getting out of the chloroplast. Curr. Opin. Plant. Biol. 5, 43-48. 
Murgia, I., Tarantino, D., Vannini, C., Bracale, M., Carravieri, S. and Soave, C. (2004) 
Arabidopsis thaliana plants overexpressing thylakoidal ascorbate peroxidase show increased 
resistance to paraquat-induced photooxidative stress and to nitric oxide-induced cell death. 
Plant J. 38, 940-953. 
Noctor, G and Foyer, C. (1998) Ascorbate and glutathione: keeping active oxygen under 
control. Annu. Rev. Plant Physiol. Plant Mol. Biol. 49, 249-279. 
127 
Okada, K., Ikeuchi, M., Yamamoto, N., Ono, T. and Miyao, M. (1996) Selective and 
specific cleavage of the D1 and D2 proteins of photosystem II by exposure to singlet oxygen: 
factors responsible for the susceptibility to cleavage of the proteins. Biochim. Biophys. Acta. 
1274, 73-79. 
Orozco-Cardenas, M L and Ryan, C. (1999) Hydrogen peroxide is generated systemically 
in plant leaves by wounding and systemin via the octadecanoid pathway. Proc. Natl. Acad. 
Sci. USA 96, 6553-57. 
Prasad, T.K., Anderson, M.D., Martin, B.A. and Stewart, C.R. (1994) Evidence for 
chilling-induced oxidative stress in maize seedlings and a regulatory role for hydrogen 
peroxide. Plant Cell 6, 65-74. 
Shringarpure, R., Grune, T., Mehlhase, J. and Davies, K.J (2003) Ubiquitin conjugation 
is not required for the degradation of oxidized proteins by proteasome. J. Biol. Chem. 278, 
311-318. 
Thompson, A.R., Doelling, J.H., Suttangkakul, A. and Vierstra, R.D. (2005) Autophagic 
nutrient recycling in Arabidopsis directed by the ATG8 and ATG12 conjugation pathways. 
Plant Physiol. 138, 2097-2110. 
Thorpe, GW., Fong, C.S., Alic, N., Higgins, V. and Dawes, L.W. (2004) Cells have distinct 
mechanisms to maintain protection against different reactive oxygen species: oxidative-
stress-response genes. Proc. Natl. Acad. Sci. USA 101, 6564-6569. 
Torres, M.A., Dangl, J.L. and Jones, J.D.G (2002) Arabidopsis gp91phox homologues 
AtrbohD and AtrbohF are required for accumulation of reactive oxygen intermediates in the 
plant defense response. Proc. Natl. Acad. Sci. USA 99, 517-522. 
Tsugane, K., Kobayashi, K., Niwa, Y., Ohba, Y., Wada, K. and Kobayashi, H. (1999) A 
recessive Arabidopsis mutant that grows enhanced active oxygen detoxification. Plant Cell 
11,1195-1206. 
Ullrich, O., Reinheckel, T., Sitte, N., Hass, R., Grune, T. and Davies, K.J. (1999) Poly-
ADP ribose polymerase activates nuclear proteasome to degrade oxidatively damaged 
histones. Proc. Natl. Acad. Sci. USA 96,6223-6228. 
128 
Woo, H.R., Kim, J.H., Nam, H.G and Lim, P.O. (2004) The delayed leaf senescence 
mutant of Arabidopsis, orel, ore3, and ore9 are tolerant to oxidative stress. Plant Cell 
Physiol. 45, 923-932. 
Xiong, Y., Contento, A.L. and Bassham, D C. (2005) AtATGlSa is required for the 
formation of autophagosomes during nutrient stress and senescence in Arabidopsis thaliana. 
Plant J. 42, 535-546. 
Yoshimoto, K., Hanaoka, H., Sato, S., Kato, T., Tabata, S., Noda, T. and Ohsumi, Y. 
(2004) Processing of ATG8s, ubiquitin-like proteins, and their deconjugation by ATG4s are 
essential for plant autophagy. Plant Cell 16, 2967-2983. 
129 
VIS MDC «0 VIS MDC 
Figure 4.1. MDC staining of root tips§. 7-day-old WT and RNAi-AtATG18a seedlings were 
transferred to nutrient control solid MS medium for 2 days (a), to nutrient solid MS medium 
containing 10|_iM MV for 2 days (b), or to nutrient solid MS medium containing lOmM H2O2 
for 6 hours (c), followed by staining with MDC, and observed by fluorescence microscopy, 
(d) 7-day-old WT and cat2 mutant seedlings grown on nutrient solid MS medium were 
stained with MDC and observed by fluorescence microscopy. Scale bar = 50|im. 
5 The catalase 2 mutant analysis was conducted by Anthony L. Contento 
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Figure 4.2. Gene expression analysis upon MV treatment. 7-day-old WT and RNAi-
AtATG18a seedlings were transferred to solid MS medium containing lOpM MV for the 
indicated times. Total RNA was isolated and RT-PCR was performed using gene specific 
primers. 18S RNA was used as a loading control. Catl, catalase 1; Cat2, catalase 2; Cat 3, 
catalase 3; APX1, ascorbate peroxidase 1; CMSOD2, chloroplast superoxide dismutase. 
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Figure 4.3. Phenotype of RNAi-J (A TGI 8a plants under oxidative stress conditions. 7-day-
old seedlings of WT and RNAi-AtATG18a plants were transferred to MS medium containing 
lOgM MV for 15 days. 
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Figure 4.4. Protein oxidation analysis, (a) 7-day-old seedlings of WT and KN Ai-At ATG 18a 
plants were transferred to solid medium containing IO^iM MV for the indicated hours. For 
concanamycin A (conA) treatment, WT seedlings were transferred to solid medium 
containing IpM conA for the indicated times. Total proteins were isolated and derivatized by 
DNP followed by immunoblotting using DNP antibody. Molecular size markers are indicated 
at the left, (b) Coomassie Blue-stained gel of samples from part (a) to demonstrate equal 
loading. Molecular size markers are indicated at the left, (c) DNP signals from part (a) were 






















0 4 12 4 12 4 12 0 4 12 (hows) 
' #0# m# *N* 













Wf*WV WTWK*A*MV VTiv- WWbMV 
134 
Figure 4.5. Degradation of oxidized proteins, (a) 7-day-old seedlings of WT and RNAi-
AtATG18a plants were transferred to solid medium containing 10|_iM MV for 2 days (lane 1 
and 5) then transferred back to normal solid MS medium and incubated for 2 days (lane 2 
and 6), 3 days (lane 3 and 7) or 4 days (lane 4 and 8). Total proteins were isolated and 
derivatized by DNP followed by immunoblotting using DNP antibody. Molecular size 
markers are indicated at the left, (b) Coomassie Blue-stained gel of samples from part (a) to 
demonstrate equal loading. Molecular size markers are indicated at the left, (c) DNP signals 
from part (a) were quantified from three independent repeats; error bars indicate SE. 
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Figure 4.6. Immunofluorescence analysis of the cellular localization of oxidized proteins8. 
3-day-old WT and RNAi-AtATG18a seedlings grown vertically on solid medium were 
transferred to solid medium containing 1 (iM concanamycin (conA) or both 1 jxM 
concanamycin and 10|xM MV (MV+conA) and incubated for 12 hours. The oxidized proteins 
were derivatized with DNP and detected using DNP antibodies, followed by confocal 
microscopy. Scale bar = 20|am. 
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Figure 4.7. RNAi-AiATG18a are under constitutive oxidative stress, (a) H2DCFDA staining 
of roots. 7-day-old WT and RNAi-AtATG18a seedlings grown on solid MS medium were 
stained with H2DCFDA and observed using fluorescence microscopy. Scale bar = 10(im. (b) 
Lipid peroxidation analysis8. 7-day-old WT (black bars) and RNAi-AtATG18a (gray bars) 
seedlings were transferred to solid medium containing 10|o.M MV for the indicated hours. 
The level of lipid peroxidation was determined by measurement of malondialdehyde (MDA) 
concentration. Error bars indicate SE. 
8 Lipid peroxidation analysis was conducted by Anthony L. Contento 
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Figure 4.S1. Subcellular localization of GFP-AtATGSe. 7-day-old transgenic GFP-
AtATGSe seedlings were transferred to nutrient control solid MS medium or to solid medium 
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5.1. Summary: 
Autophagy is a major catabolic pathway in which cytoplasmic proteins and organelles are 
sent to the vacuole for degradation. It has been found to function in certain developmental 
stages, such as senescence and some environmental stress conditions, such as nutrient 
starvation and oxidative stress. In this study, using two autophagy markers, 
monodansylcadaverine (MDC) and GFP-AtATG8e, we have demonstrated that autophagy 
can also be induced upon salt and osmotic stress conditions in Arabidopsis plants. 
Diphenylene iodinium (DPI), a chemical inhibitor of NADPH oxidase, specifically blocks 
autophagy during nutrient starvation and salt stress, but not in osmotic stress conditions. 
Together, our results suggest that, under different abiotic stress conditions, autophagy is 




Protein degradation is a very important process involved in almost all plant growth and 
developmental stages and is essential for adaptation to various stress conditions (Vierstra, 
1996). Plants, like other organisms, have developed two sophisticated catabolic mechanisms: 
the ubiquitin (Ub)/26S proteasome-dependent proteolysis machinery and the vacuolar 
autophagy pathway (Smalle and Vierstra, 2004; Huang et al., 2002). Under normal growth 
conditions, most short-lived proteins are degraded via the multisubunit 26S proteasome, an 
ATP-dependent protease complex that is present both in the cytoplasm and nucleus. In this 
pathway, proteins that are to be degraded are post-translationally tagged by the covalent 
attachment of multiple Ub polypeptides. These ubiquitinated proteins are then recognized by 
the 26S proteasome and degraded, with the Ub moieties released for reuse (Smalle et al., 
2004). Due to its selectivity, this pathway is thought to play a key role in cellular regulation 
processes (Ohsumi, 2001). 
Autophagy, in contrast to the ubiquitin/26S proteasome machinery, is largely a nonspecific 
process in which cytoplasmic components are delivered to the vacuole for degradation. After 
induction of autophagy, double membrane-bound vesicles called autophagosomes surround 
portions of cytoplasm and fuse with the vacuole. The inner membrane-bound vesicles, 
autophagic bodies, then are released into the vacuole for degradation by vacuolar hydrolases 
(Cuervo, 2004). Due to its lack of selectivity, the autophagy pathway is thought to play a 
lesser role in cellular regulation, but is crucial during processes that require rapid nutrient 
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remobilization and recycling, such as nutrient deprivation, unfavorable environmental 
conditions, senescence and apoptosis (Kim and Klionsky, 2000). 
Our understanding of the molecular mechanism of autophagy has been enhanced by genetic 
studies in yeast that led to the isolation of a number of autophagy-related, or ATG genes 
(Harding et al., 1996; Thumm et al., 1994; Tsukada and Ohsumi, 1993). Most (but not all) of 
the yeast autophagy genes have potential orthologs in higher eukaryotes such as plants. 
Furthermore, some of these orthologs, such as AtATG4, AtATG6 and AtATGS can 
complement their corresponding yeast autophagy mutants (Hanaoka et al., 2002; Liu et al., 
2005; Yoshimoto et al., 2004), suggesting a high degree of evolutionary conservation of 
autophagy genes. To date, 31 genes have been identified to be involved in autophagy in 
yeasts and at least 24 have orthologs m Arabidopsis (Hanaoka et al., 2002; Bassham et al., 
2006; Thompson and Vierstra, 2005). 
Phenotypic analysis of knockout mutants and RNAi silenced lines of several orthologs of 
yeast autophagy genes in Arabidopsis have suggested a role for autophagy in certain 
developmental stages and under some environmental stress conditions. In all atatg mutants 
and RNAi lines identified so far, leaf senescence is accelerated and survival under nutrient 
deficient growth conditions is inhibited (Doelling et al., 2002; Hanaoka et al., 2002; Surpin 
et al., 2003; Xiong et al., 2005; Yoshimoto et al., 2004). Inflorescence bolting is also 
accelerated in the atatg9-l mutant (Hanaoka et al., 2002), indicating an important role for 
autophagy in these processes. In addition to nutrient deprivation stress, autophagy is also 
involved in other abiotic and biotic stresses. For instance, autophagic machinery was found 
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to be required for degradation of oxidized proteins accumulated under oxidative stress in 
(Chapter 4 in this thesis) and controlling hypersensitive response (HR) to pathogen infection 
(Liu et al., 2005). Whether autophagy functions in other abiotic stresses, such as high salinity 
and osmotic stress, is unclear. 
In yeast, regulation of autophagy induction is controlled by several protein kinases. For 
example, TOR (Target of Rapamycin) kinase negatively regulated autophagy induction under 
sucrose starvation conditions and Gcn2 positively regulated autophagy upon virus infection 
(Schmelzle et al., 2000; Talloczy et al., 2002). In plants, however, the mechanism by which 
autophagy is regulated in response to different abiotic and biotic stresses is unclear. There is 
probably a single TOR gene in Arabidopsis. Disruption of this TOR gene is lethal and leads 
to premature arrest of embryo and endosperm development, making it difficult to study the 
role of TOR in autophagy induction in Arabidopsis (Menand et al., 2002). 
Here, in addition to nutrient deprivation and oxidative stress, we show that autophagy is also 
induced by high salinity and osmotic stress. Autophagy induced upon high salinity or 
nitrogen starvation stress conditions is inhibited by diphenylene iodinium (DPI), a chemical 
inhibitor of NAPDH-dependent oxidase. In contrast, DPI treatment causes no effect on 
autophagy induction under osmotic stress, strongly suggesting that autophagy is regulated 
independently upon different abiotic stresses. 
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5.3. Results: 
Autophagy is induced by salt and osmotic stress 
Autophagy is involved in nutrient deprivation and oxidative stress responses (Doelling et al., 
2002; Hanaoka et al., 2002; Chapter 4 in this thesis). To investigate whether other abiotic 
stresses can also induce autophagy, we first examined the response of wild type seedlings to 
high salinity conditions and high osmotic conditions. 7-day-old wild type seedlings grown on 
nutrient Murashige and Skoog (MS) solid medium were transferred to the same medium plus 
0.16M NaCl or 0.35M mannitol for 6 hours, and then stained with monodansylcadaverine 
(MDC), a fluorescent dye that can specifically label autophagosomes (Contento et al., 2005). 
Numerous MDC-stained autophagosomes were detected in the root cells after salt or 
mannitol treatment, observed by fluorescent microscopy (Figure 5.1). These MDC stained 
autophagosomes were absent from seedlings grown on control medium (Figure 5.1). These 
results suggest that high salinity and osmotic stress conditions can also induce autophagy in 
Arabidopsis. 
GFP-AtATG8 fusion proteins have been shown to associate with autophagosomes and used 
as markers of autophagy in Arabidopsis (Contento et al, 2005; Thompson et al., 2005; 
Yoshimoto et al., 2004). GFP-AtATG8e transgenic plants have been generated and proven to 
be a good system to study autophagy (Chapter 4 in this thesis). To further confirm the MDC 
staining results, 7-day-old GFP-AtATG8e transgenic plants grown on nutrient MS solid 
medium were treated with 0.16M NaCl or 0.35M mannitol for 6 hours, then examined by 
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fluorescent microscopy. Similar to the MDC staining results, numerous punctate structures 
were observed in the root cells, indicating the presence of autophagosomes (Figure 5.2). 
Together, these results strongly suggest that autophagy can be induced by high salt and 
osmotic stress conditions. 
Autophagy is blocked in KNAi-AtATG18a transgenic plants 
In previous studies, we generated transgenic plants RNAi-AMTG/Sti lines, in which 
autophagosome formation is blocked under nutrient deprivation and oxidative stress 
conditions (Xiong et al., 2005; Chapter 4 in this thesis). To further investigate whether 
autophagy is also blocked in these RNAi lines under high salinity and osmotic stress 
conditions, 7-day-old RNAi-AtATG18a seedlings were transferred to MS medium plus 
0.16M NaCl or 0.35M mannitol for 6 hours, then stained with MDC and observed by 
microscopy. Compared to wild type plants, fewer MDC stained punctate structures were 
observed in the root cells of RNAi lines (Figure 5.1), suggesting that AtATGlBa is also 
required for autophagosome formation under salt and osmotic stress conditions. 
Phenotypic analysis of RNAi-Ai^ TGI8a lines in high salinity and osmotic stress 
conditions 
To further investigate the role of autophagy in salt and osmotic stress conditions, growth of 
RNAi-AtATG18a lines was compared with that of wild type plants under these stress 
conditions. 7-day-old seedlings grown on nutrient MS medium were transferred to same 
145 
medium plus 0.16M NaCl or 0.35M mannitol. For salt treamment, after 10 days, most of 
RNAi lines lose their chlorophyll, whereas wild type seedlings remain green (Figure 5.3). For 
mannitol treatment, chlorosis is also accelerated in RNAi plants compared to wild type 
seedlings. Furthermore, RNAi lines also showed lower germination rate in salt and osmotic 
stresses compared to wild type (Figure 5.4). No difference was seen on control medium, with 
100% seed germination seen within 2 days of plating for all lines. These results imply an 
important role for autophagy in plant survival under high salt and osmotic conditions. 
Autophagy is regulated by NADPH oxidase dependent pathways upon salt stress and 
nutrient starvation 
Autophagy is induced by several abiotic stresses such as nutrient deprivation, high salt and 
osmotic stress condition (Doelling et al., 2002; Figure 5.1). Under these stress conditions, 
one common characteristic is the production of ROS. ROS can act as signal molecules to 
activate stress response and defense pathways (Chen et al., 1999; Torres et al, 2002), leading 
us to investigate the possible role of ROS as the signal molecules to induce autophagy in 
abiotic stresses. ROS production depends on the activity of plasma membrane NADPH-
dependent oxidase, which can be inhibited by the chemical inhibitor diphenylene iodinium 
(DPI, Mittler, et al., 2004). To examine the potential role of NADPH oxidase in autophagy 
induction, 7-day-old wild type seedlings were transferred to medium lacking nitrogen, or plus 
0.16M NaCl or 0.35M mannitol. Under nitrogen starvation and high salinity stress 
conditions, after treatment with DPI for 4 hours, no MDC stained autophagosomes can be 
seen in root cells (Figure 5.5a and b). In contrast, DPI has no effect on induction of 
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autophagy under osmotic stress (Figure 5.5c). These results suggest that NADPH oxidase has 
a potential role in the regulation of autophagy induction under nutrient starvation and salt 
stress conditions but not in osmotic stress. 
ABA cannot induce autophagy 
In osmotic stress, autophagy is not affected by DPI treatment, implying there is another 
pathway to regulate autophagy under drought stress. So far, two transcriptional regulation 
pathways in response to osmotic stress were identified, an ABA-dependent pathway and an 
ABA-independent pathway. The ABA-dependent pathway regulates stress-responsive gene 
expression through CBF4, MYC/MYB and bZIP-type transcription factors; the ABA-
independent pathway regulates stress-responsive gene expression throught DREB2A and 
DREB2B transcription factors (Chinnusamy et al., 2004). To analyze whether ABA plays an 
important role in induction of autophagy under osmotic stress, 7-day-old seedlings of wild 
type were transferred to medium plus 100pm ABA for 4 hours, then stained with MDC and 
observed by fluorescence microscopy. As shown in figure 5.6, no MDC-stained 
autophagosomes appeared upon ABA treatment. As an alternative strategy, GFP-AtATG8e 
plants were also treated with ABA for 6 hours then observed by microscopy. Similar to MDC 
staining, there are no autophagosomes present in root cells after ABA treatment (unpublished 
data). These results suggest that ABA treatment cannot induce autophagy. The mechanism by 
which autophagy is regulated in response to osmotic stress needs to be further investigated. 
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5.4. Discussion 
As a non-specific protein degradation machinery by which proteins and even organelles are 
degraded in the vacuole, autophagy has been suggested to be necessary for survival during 
environmental stresses (Levine and Klionsky, 2004). Morphological studies and phenotypic 
analysis of autophagy atatg mutants have demonstrated that autophagy is induced and plays 
an important role upon nutrient deprivation conditions (Aubert et al., 1996; Doelling et al., 
2002; Hanaoka et al., 2002; Xiong et al., 2005). In addition to nutrient starvation, autophagy 
is also involved in degrading oxidized proteins under oxidative stress conditions (Chapter 4 
in this thesis). In this study, we found that two other abiotic stresses, high salinity and 
osmotic stress can trigger autophagy in Arabidopsis. Using two autophagosome markers, 
MDC and GFP-AtATG8e, numerous autophagosomes can be induced in wild type root cells 
after 6 hours salt or mannitol treatment but only a few autophagosomes were detected in 
autophagy defective RNAi-AtATG18a transgenic plants (Figure 5.1 and 5.2). RNAi-
AtATG18a lines are more sensitive and have a lower seed germination rate upon salt and 
mannitol treatment compared to wild type (Figure 5.3 and 5.4), indicating an important role 
of autophagy in these stress conditions. 
Under nutrient deprivation conditions, autophagy is triggered to produce respiratory 
substrates and maintain amino-acid pools needed for continual protein synthesis (Aubert et 
al., 1996; Takatsuka et al., 2004). Autophagy is also involved in degradation of oxidized 
proteins accumulated under oxidative stress conditions (Chapter 4 in this thesis). Under salt 
and osmotic stress, however, the physiological role of autophagy is unclear. The amount of 
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oxidized proteins accumulated under salt and osmotic stress conditions are not significantly 
different between wild type and RNAi-AtATG18a lines (Data not shown), suggesting that 
this is not a role of autophagy. Other proteins, such as abnormal proteins or damaged 
organelles caused by these stresses may be the targets of autophagy in these stress conditions. 
To investigate these possible targets, one possible strategy is to purify autophagosomes 
induced by salt or osmotic stress by immuno-precipitation, and then to analyze the contents 
of these autophagosomes. 
Autophagy is induced in different abiotic stress conditions. In this study, our results strongly 
suggest that autophagy is regulated independently upon different stress conditions, (i) In 
nutrient deprivation and salt stress, autophagy is regulated by an NADPH oxidase-dependent 
pathway, and (ii) In drought stress, autophagy is regulated by NADPH oxidase-independent 
pathway. This hypothesis is based on the observation that a NADPH oxidase inhibitor, DPI, 
can specifically inhibit induction of autophagy only in nutrient deprivation and salt stress 
conditions, but not in osmotic stress (Figure 5.5). Of course, care must be taken in drawing 
this conclusion as although DPI has been widely used as an inhibitor of NADPH oxidase, it 
can also inhibit some other proteins such as xanthine oxidase, and NADPH-dependent 
cytochrome (Bolwell and Wojtaszek, 1997). In Arabidopsis, a total of ten NADPH oxidase 
homologs (Atrbohs) have been identified (Torres et al., 2005). Genetic analysis of the 
function of Atrbohs will provide more direct evidence for the role of NAPDH-oxidase in 
autophagy. 
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5.5. Experimental procedures 
Plant materials and growth conditions 
Arabidopsis thaliana plants were grown on nutrient solid MS medium as described 
previously (Xiong et al., 2005) under long day conditions (16 hrs light) at 22°C. 
For NaCl and mannitol treatment, 7-day-old seedlings grown on nutrient solid MS medium 
were transferred to the same medium containing O.Î6M NaCl or 0.35M mannitol and 
incubated for the indicated times. 
For DPI treatment, 7-day-old seedlings grown on nutrient solid MS medium were transferred 
to the liquid medium plus 20|iM DPI and 0.16M NaCl or plus 20(iM DPI and 0.35M 
mannitol for 4 hours; or transferred to medium lacking nitrogen for 4 days, then transferred 
to liquid MS medium lacking nitrogen plus 20pM DPI for 4 hours. 
For ABA treatment, 7 day-old seedlings grown on nutrient solid MS medium were 
transferred to the same medium containing 100(iM ABA for 4 hours. 
Staining of seedlings with MDC, and microscopy 
Seedlings were stained with MDC as described (Xiong et al., 2005) and observed using 
fluorescence microscopy using a DAPI-specific filter. GFP-AtATG8e seedlings were 
observed using fluorescence microscopy using a FITC-specific filter. 
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Figure 5.1. MDC staining of root tips. 7-day-old wild type and RNAi-AtATG18a seedlings 
were transferred to nutrient control medium or to same medium plus 0.16M NaCl or 0.35M 





Figure 5.2. Subcellular localization of GFP-AtATG8e. 7-day-old transgenic GFP-AtATG8e 
seedlings were transferred to nutrient control solid MS medium or to solid medium 
containing 0.16M NaCl or 0.35M mannitol for 6 hours, then observed by fluorescence 
microscopy. Scale bar= 50pm 
155 
WT "FTï.-.i 
Figure 5.3. RNAi-AtATG18a lines are more sensitive to salt and osmotic stress conditions. 7-
day-old seedlings of wild type and RNAi lines were transferred to MS medium plus 0.16M 
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Figure 5.4. Germination assay upon salt and osmotic stress. Wild type and RN hi-At A TGI Sa 
seeds were germinated on MS solid medium plus 0.16M NaCl (a) or 0.35M mannitol (b) 
under long day conditions for the indicated times. Germination was scored by radicle 
emergence. Error bar represent SE 
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Figure 5.5. The effect of DPI on autophagy. (a) 7-day-old wild type seedlings were 
transferred to medium lacking nitrogen for 4 days, then transferred to liquid MS medium 
with or without 20pM DPI for 4 hours and stained with MDC. (b) 7-day-old wild type 
seedlings were transferred to medium plus 0.16M NaCl or plus both 0.16M NaCl and 20pM 
DPI for 4 hours and examined by fluorescence microscope, (c) 7-day-old wild type seedlings 
were transferred to medium plus 0.35M mannitol or plus both 0.35M mannitol and 20pM 
DPI for 4 hours, then examined by fluorescence microscopy. Scale bar= 50pm. 
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Figure 5.6. The effect of ABA on autophagy. 7-day-old wild type seedlings grown on MS 
solid medium were transferred to same medium containing lOOpM ABA for 6 hours, 
followed by staining with MDC. Scale bar= 50p.m. 
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CHAPTER 6 
CONCLUSION AND FUTURE WORK 
6.1 General conclusion 
This dissertation summarizes efforts for studying a protein degradation pathway, vacuolar 
autophagy, in Arabidopsis. These studies have established two powerful monitoring systems 
to study autophagy in whole plants and improved our understanding of the mechanism and 
regulation of autophagy in plant cells and how autophagy contributes to plant survival during 
environmental stress conditions. 
First, the studies in this dissertation have led to the development of two autophagy markers to 
study autophagy in whole plants. Compared to yeasts and mammals, the molecular 
mechanism and physiological role of autophagy in plants is still poorly understood, although 
the autophagy have been observed and their morphological characteristics have been 
described in plants for decades. One of the main barriers is the lack of a convenient marker or 
assay for the autophagy process. Previous studies have relied on electron microscopic 
examination that is time-consuming and technically difficult. In contrast, the two assays for 
the visualization of autophagosomes developed in this dissertation are simple and rapid 
procedures that can be used to determine when and where autophagy occurs in a whole plant 
system. These two assays have been used successfully to analyze the induction pattern of 
autophagy in senescence and some environmental stress conditions, and will facilitate the 
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investigation of the possible function of autophagy in other development stages and biotic 
and abiotic stress conditions. 
Second, the studies in this dissertation increased our understanding of the role of autophagy 
in environmental stress conditions and senescence. In addition to nutrient deprivation in 
which the autophagy pathway is thought to be involved for a long time by morphological and 
mutant analysis (Moriyasu and Ohsumi, 1996; Doelling et al., 2002; Hanaoka et al., 2002), 
other abiotic stresses, such as oxidative stress, high salinity and osmotic stress, were also 
found to induce autophagy in Arabidopsis. Under nutrient starvation, autophagy is involved 
in recycling unnecessary cytoplasmic components to provide raw materials and energy for 
survival. In oxidative stress, autophagy is induced to degrade oxidized proteins. These results 
suggest that autophagy may function as a universal cellular protective machinery for plant 
survival under unfavorable environmental conditions. 
Third, the studies in this dissertation also increased our understanding of the mechanism and 
regulation of autophagy in plant cells. Based on sequence similarity with the yeast autophagy 
gene ATG18, AtATG18a was identified to be necessary for autophagosome formation in 
Arabidopsis. Consistent with previous studies (Doelling et al., 2002; Hanaoka et al., 2002; 
Yoshimoto et al., 2004; Thompson et al., 2005), this result suggests that the molecular 
mechanism of autophagy is highly conserved between yeasts and plants. In addition, 
autophagy in Arabidopsis is regulated differently under different abiotic stress conditions as 
the NADPH oxidase inhibitor, DPI, can only block autophagy under nutrient starvation and 
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high salinity stress but not in osmotic stress conditions. These results provide useful 
information for us to further study autophagy in different stress conditions. 
Finally, given the important of autophagy for senescence and survival under environmental 
stresses, the studies in this dissertation may have agricultural benefits, as the key genes and 
molecules identified in this dissertation may be potential targets for engineering plants for 
delayed senescence and resistance to unfavorable growth conditions. 
6.2 Future directions 
The studies in this dissertation have also laid the groundwork for further investigation of 
autophagy in plants as follows: 
Identification of autophagy related genes other than AtATGs 
The molecular mechanism of autophagy is found to be highly conserved in higher 
eukaryotes, however, the mechanism by which autophagy is regulated is not understood. 
Considering plants are multi-cellular organisms, it is not surprising if plants have more 
complex mechanism for regulating autophagy in response to different developmental stages 
and environmental stress conditions compared to yeasts. To investigate these regulatory 
pathways, it is necessary to isolate the genes involved in these processes. The two 
autophagosome markers developed in this dissertation can be used as powerful tools to 
identify autophagy related genes by genetic screen for autophagy mutants in Arabidopsis, 
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especially for the genes that function in the autophagy regulation processes, by determining 
whether autophagosomes are absent from the mutants under conditions that are known to 
induced autophagy. 
Purification and analysis of autophagosomes produced under different conditions 
Studies in this dissertation have also provided clear evidence that autophagy plays an 
important role for plant survival in different environmental stress conditions. The 
physiological role of autophagy in these stress conditions, however, is not clear. In addition, 
although autophagy is considered to be a non-specific catabolism pathway, some selectivity 
has been reported in certain systems and species (Onodera and Ohsumi, 2004; Reggiori and 
Klionsky, 2005). Whether this selectivity is also present in plants under different stress 
conditions is unknown. To address these questions, one strategy is to purify autophagosomes 
induced under different stresses conditions by immunopurification using affinity-tagged 
AtATGSs and compare the components and content of these autophagosomes formed in 
these conditions. Analysis of these identified proteins will greatly enhance our understanding 
of the molecular mechanism of autophagosome formation and give us a possible explanation 
for how autophagy contributes to the response to different abiotic stress conditions. 
Investigation of the molecular function of AtATGlSa in Arabidopsis 
Our studies have suggested that AtATGlSa is likely required for autophagosome formation 
in Arabidopsis. The mechanism by which AtATGlSa performs its function in autophagy, 
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however, is unclear. Sequence analysis indicates that, like yeast ATG18, AtATGlSa contains 
two WD-40 domains. Recently, Dove et al (2004) found that ATG18 can bind Ptdlns (3, 5) 
P2 with high affinity and specificity through WD domains. By lipid binding assay, we also 
found that GST-AtATGl 8a can specifically bind PtdIns(3)P lipid (Data not shown), although 
the significance of this lipid binding ability is unclear. In addition, WD-40 domains are also 
thought to provide a stable platform that can form complexes reversibly with other proteins. 
Reggiori et al (2004) found that ATG18 can interact with another autophagy protein, ATG9 
and is required for ATG9 recycling. I have constructed vectors for expressing DsRED-
AtATG9 and GFP-AtATG18a fusion proteins in protoplasts and generated transgenic plants 
expressing T7-tagged AtATGl 8a proteins. Using these constructs and transgenic plants, in 
the future, it will be worth to (i) investigate cellular localization of AtATGl 8a and AtATG9 
and whether correct cellular localization of AtATG9 depends on the presence of AtATGl 8a, 
(ii) investigate whether AtATGl 8a can interact with AtATG9 by immuno-precipitation using 
GFP and DsRed antibodies, (iii) isolate the possible protein interaction factors of AtATGl 8a 
by immuno-precipitation using T7 antibody. These identified AtATGl 8a interaction factors 
are potential ATG proteins and functional analysis of these factors will increase our 
understanding of the molecular mechanism of autophagy in plants. 
Analysis of the function of NADPH oxidase homologs 
The regulation of autophagy in different stress conditions was also studied in this 
dissertation. Diphenylene iodinium (DPI), a chemical inhibitor of NADPH oxidase, can 
block autophagy induction in nutrient starvation and high salinity conditions, implying an 
164 
important role for NADPH oxidase in regulation of autophagy induction. In Arabidopsis, a 
total of ten NADPH oxidase homologs (.Atrbohs) have been identified (Torres and Dangl, 
2005). Analysis of the expression patterns of these Atrbohs will give us an initial indication 
of which genes are most likely to function during starvation and high salinity conditions. 
Generating transgenic plants with over- and under-expression of Atrbohs or isolating knock­
out mutants of atrbohs and phenotypic analysis of these transgenic plants and mutants will 
provide more direct evidence for the role of NADPH oxidase in autophagy. 
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